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SUMMARY 


In  previous  MERADCOM-sponsored  research  activities,  the  Fluid 
Power  Research  Center  has  developed  contaminant  sensitivity  test 
procedures  for  fixed  displacement  pumps  and  motors,  pressure 
compensated  pumps,  directional  control  valves,  and  relief  valves.  All 
of  these  procedures  either  have  been  accepted  as  national  or  inter¬ 
national  standards  or  are  currently  in  the  study  range  for  such 
acceptance.  In  each  case,  the  test  procedures  led  to  a  single  number 
figure  of  merit  which  identifies  the  contaminant  sensitivity  of  these 

4 

components  —  that  is,  how  their  service  lives  are  affected  by  controlled 
exposure  to  particulate  contaminant. 

Contaminant  sensitivity  ratings  have  not  been  developed  for  three 
other  major  components  normally  found  in  modern  hydraulic  systems  — 
servovalves,  solenoid  valves  and  cylinders.  With  this  in  mind,  the 
effort  of  this  research  is  to  investigate  the  contaminant  sensitivity 
of  these  components.  Accordingly,  the  purpose  of  this  research  is  to: 

1.  Develop  test  procedures  to  determine  the  contaminant  sensitivity 
of  hydraulic  servovalves,  solenoids,  and  cylinders. 

2.  Develop  interpretation  techniques  for  the  test  results  to 
determine  the  contamination  protection  requirements. 

The  objectives  of  this  project  have  been  met  successfully. 

This  report  presents  the  results  of  work  carried  out  to  achieve 
the  listed  project  objectives.  In  order  to  provide  the  potential 


readers  a  clearer  view  of  each  component  under  study,  research  results-  I 

are  presented  in  three  major  parts  —  Part  I,  II,  and  III  for  hydraulic  ’  j 

servovalves,  solenoid  valves  and  cylinders  individually.  Each  part  is 
composed  of  several  specific  chapters  in  the  order  of  Introduction, 

Investigation  (Theoretical  Background  and  Analysis,  Test  Results,  etc.), 

Discussion,  and  Conclusion. 


PREFACE 


This  report  was  prepared  by  the  staff  of  the  Fluid  Power  Research 
Center  (FPRC),  Oklahoma  State  University,  under  the  general  direction 
of  Dr.  E.  C.  Fitch.  The  work  reported  here  was  authorized  by 
U.  S.  Army  MERADCOM  Contract  No.  DAAK70-81-C-0066..  The  report 
documents  the  work  completed  under  the  subject  contract  covering  the 
period  30  September  1981  to  30  September  1982. 
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The  principal  investigators  for  this  effort  were  Dr.  R.  Inoue 
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CHAPTER  I  -  INTRODUCTION 


Electrohydraulic  servovalves  were  originally  developed  for  the 
aerospace  industry  because  their  compactness  and  high  response  capa¬ 
bilities  offered  distinct  advantages.  As  the  technology  of  electro- 
hydraulic  servomechanisms  evolved,  the  use  of  servovalves  has  broadened 
to  include  mach’iP  tools,  mobile  equipment,  and  many  other  applications  . 
where  a  load  "".st  be  positioned  accurately. 

As  the  application  of  servovalves  spread,  one  serious  problem 
became  evident  --  contaminant  sensitivity.  Since  servomechanisms  are 
manufactured  with  very  precise  and  close  tolerances  to  satisfy  high  per¬ 
formance  requirements,  they  are  more  sensitive  to  contaminant  than  most 
other  hydraulic  components.  Servovalves  installed  in  missiles  and 
aircraft  are  usually  protected  by  intensive  filtration;  however,  servo¬ 
valves  used  in  mobile  equipment  are  generally  exposed  to  severe 
contaminant  environments.  The  contaminant  level  found  in  a  mobile 
hydraulic  system  is  usually  much  higher  than  that  in  missile  and  air¬ 
craft  systems.  Also,  servovalves  used  in  mobile  hydraulic  systems  are 
expected  to  have  longer  operating  lives.  Protection  from  contaminant 
is  essential  if  the  desired  operating  life  is  to  be  achieved. 

To  determine  the  protection  required  for  a  servovalve,  the  contam¬ 
inant  sensitivity  of  the  valve  must  be  evaluated;  however,  test  procedures 
which  evaluate  the  contaminant  sensitivity  are  not  yet  available. 
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The  objectives  of  the  project  whi,ch  are  the  subject  of  this  report 
include: 

1.  Develop  test  procedures  to  evaluate  the  contaminant  sensitivity 
of  servovalves. 

2.  Conduct  the  contaminant  sensitivity  tests  on  servovalves. 

3.  Develop  interpretation  techniques  for  the  test  results  ^ 
determine  the  contamination  protection  requirements. 

The  plan  of  attack  used  to  accomplish  the  objectives  of  this  study 

was: 

1.  Construction  of  the  test  system. 

* 

2.  Development  of  test  procedures  necessary  to  evaluate  the 
contaminant  sensitivity,  of  servovalves. 

3.  Evaluation  of  the  contaminant  effects  on  servovalve  hysteresis 
and  threshold.  (Different  sizes  of  classified  AC  Fine  Test  Dust 
were  used  to  establish  the  relationship  between  contaminant  size 
and  sensitivity.  Clogging  of  the  filter  will  be  avoided  during 

.  testing.) 

4.  Increase  of  hysteresis  was  measured  as  a  function  of  contam¬ 
inant  level  and  size,  while  time  of  exposure  to  contaminant  was 
kept  constant. 

5.  Evaluation  of  the  change  of  pressure  gain  due  to  contaminant 
wear. 

6.  Interpretation  of  test  results.  (Interpretation  techniques 
for  the  test  results  were  developed  to  select  the  servovalve  best 


suited  for  the  particular  application  and  to  determine  the  filter 
protection  requirements.) 


1-4 


CHAPTER  II  -  REVIEW  OF  PREVIOUS  STUDIES 

Contamination  effect  on  electrohydraulic  servovalves  has  been 
discussed  recurrently  by  virtue  of  the  potential, of  the  servovalves, 
for  automation  and  their  capability  to  interface  with  microelectronics. 
The  results  acquired  from  many  investigations  on  contaminant  sensitivity 
of  the  servovalves  have  given  users  the  negative  impression  that  they 
are  very  sensitive  to  contaminants.  This  position  has  been  engrained 
by  such  statements  as  that  by  Williams  [1]  chat  "The  operating 
environment  of  servovalves  must  approach  surgical  cleanliness  standards." 
Williams,  however,  claimed  that  present  day  servovalves  are  reliable 
based  on  field  experiences  and  the  studies  done  on  new  servovalve 
design.  A  survey  conducted  by  Nair  [2]  among  leading  manufacturers 
and  users  of  the  electrohydraulic  servovalves,  on  the  contrary,  shows 
that  the  contaminant  related  problems  of  servovalves  still  need  to  be 
studied  scientifically  and  that  the  effective  use  of  servovalves  must  be 
promoted. 

As  shown  in  Williams'  paper  and  Nair's  survey,  there  seem  to  be 
some  misunderstandings  among  users  and  manufacturers.  Neither  have  any 
evaluation  technique  to  accurately  evaluate  servovalve  performance  in 
contaminated  systems. 

This  study  is  intended  to  fill  or  at  least  alleviate  this  gap 
between  the  users  and  the  manufacturers  by  developing  an  evaluation 
technique  for  servovalve  contaminant  sensitivity  as  well  as  providing 


a  filter  selection  technique  for  particular  servovalves.  A  summary 
of  some  previous  servovalve  studies  is  presented  below. 

WADC  STUDY  [3] 

A  technical  report  published  by  WADC  (Wright  Air  Development  Center) 
discusses  an  attempt  to  ascertain  the  susceptibility  of  the  servovalves 
to  a  high  degree  of  contamination  in  hydraulic  fluids.  The  report  in¬ 
cludes  a  survey  of  servovalve  vendors  and  users.  The  survey  from  the 
vendors  shows  that  design  improvements  have  decreased  contaminant  related 
problems.  Main  emphasis  from  the  vendors  was  aimed  at  built-in  filter 
design,  torque  motor  design,  and  more  powerful  first  stage  amplifier. 

From  the  user  standpoint,  servovalves  operating  under  relatively 
low  temperature,  below  160  F,  had  the  least  contamination  problems, 
Servovalves  operated  in  high  temperature  were  felt  to  be  likely  to  meet 
contamination  problems.  A  missile  manufacturer  stated  that  all  oil  was 
passed  through  a  set  of  filters  which  consisted  of  a  10  ym  filter  in 
series  with  a  2  ym  filter  to  eliminate  contaminants.  The  servovalve 
users  which  had  little  difficulty  from  oil  contamination  paid  a  great 
deal  of  attention  to  their  systems  by  maintaining  the  assembly  and  test 
area  clean,  providing  high-quality  filters,  and  by  emphasis  on  good 
maintenance  practices. 

One  of  the  objectives  of  the  WADC  study  was  to  formulate  experi¬ 
mental  procedures.  The  experiment  evaluated  position  feedback  of  the 
actuator  to  the  servo  amplifier.  When  contaminant  of  a  particular  size 


range  was  added  to  the  system,  a  temporary  command  signal  was  applied 
to  the  servovalve,  and  the  position  response  was  recorded.  The 
contaminant  addition  and  the  valve  operation  were  continued  until  the 
valve  ceased  to  operate  satisfactorily.  The  total  contaminant  added  and 
total  operating  time  .before  failure  were  recorded  as  well  as  spool  end 
pressure  and  actuator  end  pressure  for  the  failure  analysis. 

The  deleterious  effects  of  the  servosystem  were  observed  by  the 
position  output  of  the'  actuator.  The  failure  symptoms  which  they 
defined  were  sluggishness,  hard-over,  and  oscillation.  The  causes  of 
failure  were  perceived  based  on  the  progressive  dismantling  and  cleaning 
procedure.  The  procedure  is  shown  in  the  flow  chart  in  Fig.  2.1.  The 
report  in  the  procedure  section  mentioned  that  the  filters,  orifices, 
or  nozzles  were  removed  and  cleaned  one  at  a  time  when  a  "hard-over" 
condition  happened. 

From  the  test  results  tabulated  in  the  report,  20  failures  were  due 
to  filter  clogging,  ten  due  to  orifice,  three  due  to  nozzle,  three  due  to 
second  stage  failure.  It  was  stated  that  the  servovalves  were  less 
susceptible  when  the  first  stage  quiescent  flows  were  less.  In 
conjunction  with  this  statement,  it  is  concluded  that  the  tests  were 
more  of  a  filter  test  than  a  valve  design  test,  because  the  valve 
malfunction  in  most  cases  resulted  from  filter  clogging. 

LOCKHEED  STUDY  [4]  . 

A  contamination  study  performed  by  Vought  Electronics  under 
contract  from  Lockheed  Aircraft  Corporation  concluded  that  the  major 


r’ 


FAILURE  HAPPENED 


REMOVE,  CLEAN,  AND 
REPLACE  THE  FILTERS 


FILTER  CLOGGING 


REMOVE,  CLEAN,  AND 
REPLACE  THE 
VALVE  ORIFICES 


EXAMINE  FOR 
OTHER  FAILURES 


ORIFICE  CLOGGING 


NOZZLES  CLOGGING 


[t| 


mum 


cause  of  the  failure  of  the  electrohydraulic  servovalves  tested  was 
erosion  of  targets,  nozzles,  flappers,  spool  valves,  etc.  The  report 
stated  that  there  were  ho  failures  related  to  clogging  of  orifices  or 
filters  except  one  valve  which  failed  because  of  a  collapsed  built-in 
filter.  The  failure  in  terms  of  erosion  was  designated  when  the  valve 
went  hard-over  or  failed  to  respond  to  the  maximum  input  curreht. 

The  test  procedure  they  developed  is  summarized  in  flow  chart  form 
in  Fig.  2.2.  The  contaminant  used  in  their  study  was  a  mixture  of  90 
percent  standard  AC  Fine  Test  Dust  (ACFTD)  and  10  percent  carbonyl  iron 
powder. 

Failure  analysis  was  performed  by  disassembly.  Since  some  of  the 
servovalves  tested  used  a  wet  torque  motor,  iron  filings  were  found 

in  the  air  gap  around  the  motor  poles.  The  servovalves  consisting 

,  *'/ 

of  dry  torque  motor  were  found  to  have  no  deposit  around  the  torque 
motors.  The  fixed  orifices,  nozzles,  flappers,  etc.,  were  carefully 
examined  for  erosion  or  damage.  The  nozzle-flappers  of  some  servovalves 
were  eroded  so  that  pilot  pressure  gain  was  decreased.  This  caused  less 
driving  capability  of  the  second  stage  spool  valve.  The  report  showed 
one  failure  due  to  the  collapse  of  built-in  filters  over  the  supply 
orifices.  Scoring  on  the  spool  valve  surfaces  occured  in  all  valves. 

From  the  test  results,  one  of  the  servovalves  tested  failed  to 
operate  with  only  a  6  mg/L  total  contaminant  concentration  while  another 
one  survived  528  mg/L.  Using  the  data  obtained  from  the  report,  thresh- 
hold  performance  degradation  was  redrawn  as  a  function  of  contaminant 
concentration  in  Fig.  2.3 
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Fig.  2.2  Lockheed's  Electrohydraulic  Valve  Test  Procedure 
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MOOG  STUDY  [5] 

Moog  attacked  the  problem  more  scientifically.  The  contaminant 
sensitivity  was  classified  into  two  categories:  temporary  performance 
degradation  and  permanent  performance  degradation.  The  temporary 
performance  degradation  was  detected  by  measuring  threshold  increase 
during  contaminant  injection.  The  permanent  performance  degradation 
was  measured  from  leakage  flow. 

The  effect  of  the  particle  size  on  performance  was  studied.  It 
was  found  that  the  servovalve  threshold  would  increase  as  a  function 
of  fine  particles,  1-5  ym..  Because  larger  particles  cause  clogging 
of  orifices  or  built-in  filters,  the  use  of  0-10  ym  classified  ACFTD 
was  recommended  to  evaluate  the  threshold  sensitivity  of  the  servo¬ 
valves.  This  procedure  simplified  the  test  procedure.  The  other  point 
to  be  noted  from  this  report  is  the  failure  criteria  of  testing.  It 
was  suggested  that  threshold  sensitivity  degradation  beyond  10  percent 
of  rated  signal  was  of  no  value,  since  such  a  large  threshold  would  not 
he  acceptable  to  most  users.  Using  0-10  ym  test  dust,  the  threshold 
was  measured  according  to  the  schedule  summarized  in  Table  2.1.  The 
threshold  increase  was  redrawn  from  the  Moog  results,  as  shown  in  Fig. 

2.4.  The  threshold  was  measured  at  concentrations  of  2,  4,  8,  and  16  mg/L. 

The  permanent  performance  degradation  measured  from  leakage  flow 
was  evaluated  as  the  degree  of  wear  on  sharp  orifices  on  the  second 
stage  spool.  As  in  the  previous  test,  0-10  ym  ACFTD  was  used.  It  was 
concluded  that  the  measurement  of  the  sensitivity  for  different  particle 
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size  distributions  (i.e.,  0-5  vim,  0-10  pm,  etc.)  on  the  same  specimen 
was  not  feasible  because  the  performance  degradation  starts  high  and 
progressively  decreases  as  wear  increases  the  clearance  and  rounds  the 
corners  of  the  spool  orifices.  The  wear  due  to  0-10  ym  contaminant 
was  caused  by  cycling  the  servovalves  for  40  minutes  with  20,mg/L 
of  contaminant  concentration.  The  leakage  flow  was  measured  after  two 
successive  40-minute  periods  of  operation.  The  internal  leakage  flow 
increased  from  2. percent  of  rated  flow  to  23  percent. 

The  effect  of  flow  rate  through  the  spool  orifice  edges  was  also 
investigated  by  removing  the  first  stage  assembly  and  installing  special 
spool  stops  in  the  second  stage  assembly  to  fix  the  spool  at  various 
valve  openings.  For  small  openings,  internal  leakage  did  not  increase 
appreciably  because  of  the  silting  effect.  For  larger  openings,  there 
was  no  appreciable  effect  of  flow  rate  on  the  leakage  rate,  as  shown  in 
Table  2.2. 

Using  the  same  equipment  prepared  for  the  above  test,  the  effect 
of  particle  impact  on  the  spool  orifice  edges  was  tested  by  adding 
different  particle  size  ranges:  0-5  ym,  0-10  ym,  and  0-80  ym.  The 
concentration  for  this  test  was  300  mg/L.  The  result  showed  that 
larger  particles  caused  more  erosion  than  the  smaller  particles.. 

The  report  listed  the  overall  permanent  degradation  on  servovalve 
performance  after  the  sensitivity  tests.  These  included: 

1.  Sight  increase  in  gain  at  null. 

2.  Hysteresis  and  threshold  increase  by  1  percent. 
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3.  Seventeen  percent  decrease  of  original  pressure  gain  value. 

4.  Decrease  in  first. stage  gain. 

5.  Increase  in  first  stage  leakage  flow. 

DISCUSSION 

Each  of  these  studies  reached  a  milestone  for  the  evaluation 
technique  of  servovalve  contaminant  sensitivity.  Their  accomplishments 
have  been  invaluable  in  this  project. 

These  studies  pointed  out  some  of  the  myths  concerning  servovalves 
while  bringing  out  some  interesting  anomalies.  For  instance,  the  valve 
which  survived  a  concentration  level  of  528  mg/L  would  probably  be 
operating  long  after  most  hydraulic  pumps  would  have  been  destroyed  by 
contaminant.  Other  test  valves  would  not  survive  in  ultra-clean  systems.. 


! 
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CHAPTER  III  -  THEORETICAL  BACKGROUND 
TYPES  OF  SERVOVALVES 

Electrohydraulic  servovalves  can  be  classified  by  their  internal 
configurations,  the  number  of  stages  in  power  amplification,  and  the 
control  mode.  From  the  flow  and. response  requirements,  the  servo¬ 
valves  can  be  categorized  as  single-stage,  two-stage,  and  three-stage. 
Single-stage  servovalves  consist  of  a  torque  motor  and  a  four-way  valve. 
Because  of  their  simplicity,  single-stage  servovalves  are  less  expensive, 
and  their  response  is  high  compared  with  multiple-stage  servovalves. 

Their  disadvantages  are  the  flow  capacity  due  to. steady-state  flow 

* 

forces  and  stability  which  depends  on  the  load  dynamics. 

Two-stage  servovalves,  which  are  the  most  common,  are  composed  of 
a  second-stage  valve  driven  by  a  single-stage  servovalve,  while  three- 
stage  servovalves  consist  of  a  third-stage  valve  driven  by  a  two-stage 
servovalve.  By  compounding  the  servovalve  in  the  above  fashion,  the 
disadvantages  of  the  sinqle-stage  servovalves  are  overcome,  but  such 
valves  become  more  complex  and  expensive. 

Multiple-stage  servovalves  have  some  sort  of  feedback  between  the 
first  stage  and  second  stage.  There  are  three  basic  methods  of  feeding 
back  the  signal  from  second  stage  to  first  stage: 

*  Centering  springs  on  the  spool  end  of  the  second  stage  to  create 
a  force  balance  between  the  stages. 

*  A  feedback  spring  deflected  by  the  second-stage  spool  displace¬ 
ment  to  create  a  force  feedback  to  the  torque  motor. 


C 
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*  Position  feedback,  accomplished  by  direct  position  fee.db.ack 

similar  to  hydraulic  followers  (Fig.  3.1). 

The  classification  can  also  be  made  from  the  configuration  of -the 
first-stage  hydraulic  amplifiers,  The  most  common  designs  are  nozzle 
flapper,  jet  pipe,  jet  deflector,  and  spool  types.  Schematics  of  each 
design  are  shown  in  Fig.  3.2. 

With  respect  to  the  control  modes  of  the  servovalves,  there  are 
six  types  available: 

*  flow  control 

*  pressure  control 

* 

*  pressure-flow  control 

*  dynamic  pressure  feedback 

*  static  Toad  error  washout 

*  acceleration  switching 

The  flow  control  servovalves  are  basic  and  the  most  common.  They 
control  load  flow  proportional  to  the  electrical  input  current  at 
constant  load.  .  This  type  of  servovalve  has  high  resolution  and  stiff¬ 
ness' but  low  damping.  Pressure  control  servovalves  provide  a  differ¬ 
encial  pressure  output  in  response,  to  an  electrical  input  current  while 
pressure-flow  control  servovalves  regulate  flow  i.n  response  to  both  the 
electrical  input  current  and  the  differential  load  pressure.  Th.i.s 
function  provides  effective  damping  i.n  high-resonant  loaded  servosystems 
at  the  expense  of  lowering  system  stiffness.  The  servovalves  combining 
the  functions  of  the  flow  control  servovalves,  which  provide  stiffness 
on  the  steady  state,  and  the  pressure  flow  control  servovalves,  which 
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provide  effective  damping  under  dynamic  conditions,  are  called  the 
dynamic  pressure  feedback  servovalves.  The  static  load  error  washout 
servovalves  have  a  further  feature  besides  the  dynamic  pressure  feedback 
technique.  This  type  includes  an  additional  static  pressure  feedback 
to  compensate  load  position  errors  caused  by  the  load  structural 
compliance.  The  acceleration  switching  servovalves  are  quite  distinct 
from  the  others,  although  the  construction  of  these  valves  is  similar 
to  the  flow  control  servovalve  aforementioned.  The  input  signal  to 
the  torque  motor  is  a  high  frequency  pulse  length  modulated  wave 
instead  of  conventional  DC  input  current. 

Regardless  of  the  way  in  which  the  servovalve  is  described,  one 
thing  remains  common  —  small  clearances.  Spool  displacements  as  low 
as  0.25  to  0.5  mm  are  common,  while  radial  clearances  of  0.7  to  1.5  ym 
are  found  in  some  aerospace  applications.  Unless  careful  design 
practices  are  utilized,  these  clearances  will  invariably  pose  serious 
contamination  sensitivity  problems. 

SERVOVALVE  PERFORMANCE  PARAMETERS 

To  obtain  better  performance,  the  electrohydraulic  servovalves 
are  fabricated  with  very  close  tolerances.  Typical  high  performance 
servovalves  for  industrial  applications  have  spool  laps  of  20  urn  for 
all  null  edges.  This  spool  lap  condition  governs  the  system  performance 
and  stability. 

To  determine  the  performance  of  the  servovalves,  sever -*1  parameters 
should  be  examined.  Some  of  these  parameters  are  dependent  upon  the 
spool  lap  condi tioi.s.  The  important  parameters  are: 
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flow  gain 

flow-pressure  coefficient 
pressure  sensitivity 
hysteresis 
threshold 

internal  leakage  flow 

The  first  three  parameters  are  called  valve  coefficients.  These 
coefficients  influence  the  stability  of  the  servosystems.  The  flow 
gain  affects  open-loop  gain.  The  flow-pressure  coefficient  provides 
systems  damping  and  is  related  to  the  leakage  characteristics  of  the 
valve.  The  pressure  sensitivity  is  expressed  by  the  ratio  of  flow 
gain  to  the  flow-pressure  coefficient  and  represents  the  ability  of  a 
valve-motor  or  valve-piston  combination  to  accelerate  an  inertial 
load  under  large  loads  with  little  error.  The  larger  the  pressure 
sensitivity,  the  lower  the  system  compliance. 

Hysteresis  is  a  nonlinea. .ty  caused  by  the  magnetic  effect  of 
the  torque  motor  and  the  friction  on  the  spool.  Threshold  is  also 
induced  by  friction  on  the  spool.  These  nonlinearities  should  be  kept 
as  small  as  possible  to  avoid  trouble  in  stability.  In  general,  a 
system  having  strong  nonlinearities  might  exhibit  limit  cycle 
oscillations  or  jump  resonance. 

Internal  leakage  flow  is  mainly  related  to  energy  consumption. 

In  missile  applications,  for  example,  very  low  internal  leakage  rates 
are  normally  selected  in  order  to  supply  fluid  to  the  system  for  a 
certain  period  of  time.  Internal  leakage  flow  is  subjected  not  only  to 
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first-stage  hydraulic  amplifier  configuration  but  also  second-stage 
spool  valve  lap  conditions.  Underlapped  spool  valves  cause  large 
amounts  of  internal  leakage  flow  and  also  can  be  the  cause  of  higher 
wear  rates  on  metering  orifices. 

EFFECT  OF  CONTAMINANTS  ON  SERVOVALVE  PERFORMANCE  PARAMETERS 

Servovalve  reliability  and  performance  are  a  function  of  several 
factors.  The  valve  design,  discussed  in  previous  sections,  is  one  of 
them.  Another  factor  might  be  the  performance  and  efficiency  of  the 
filters  selected  for  the  servosystems.  Also,  the  material  of  the  ■ 
contaminants  affects  servovalve  performance  severely. 

The  effect  of  contaminants  on  the  servovalves  appears  in  the  form 
of  contaminant  lock  force  on  the  spool,  wear  on  the  critical  surface 
and  orifices,  and  clogging  of  small  fixed  or  variable  orifices.  The 
contaminant  lock  force  is  created  by  the  silting  of  small  particles  in 
the  tight  clearance  between  the  spool  and  the  sleeve.  The  result  of 
silting  then  emerges  as  sluggish  response  due  to  increased  friction 
on  the  spool  or  perhaps  unstable  servosystem  response.  If  the  second- 
stage  spool  driving  force  is  not  large  enough  to  overcome  the  frictional 
force  due  to  silting,  hard-over  or  total  loss  of  flow  capability  results 
This  kind  of  sudden  failure,  so-called  catastrophic  failure,  can  be 
disastrous  on  some  equipment. 

In  contrast  to  the  contaminant  lock  mode,  which  causes  temporary 
performance  degradation,  contaminant  wear  brings  about  permanent 
performance  deteriorations,  so-called  perceptible  failure.  Even  though 
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the  working  fluid  is  moderately  clean,  contaminant  wear  remains  a 
concern.  Scoring  and  abrading  between  the  spool  and  sleeve  surfaces 
may  occur,  as  may  wear  in  orifices.  The  most  critical  of  the 
orifices  are  the  control  orifices  on  the  spool  that  regulate  the  flow 
to  load  according  to  a  signal.  Rounding  off  the  sharp  edges  of  the 
orifices  causes  a  change  in  the  discharge  coefficient  of  the  orifices 
and  change  in  valve  performance  parameters.  A  different  rate  of  wear 
in  the  orifices  causes  a  null -shift  in  servovalves.  Excessive  null 
shift  causes  asymmetric  flow.  Rounding  off  the  fixed  orifices  of  the 
servovalves  also  changes  their,  discharge  coefficients  but  has  less 
effect  on  the  servovalve  performance. 

Clogging  small  fixed  and  variable  orifices  and  built-in  filters 
leads  to  other  disastrous  results  in  servosystems.  This  problem  had 
been  considered  the  general  cause  of  valve  failure  in  the  past,  but  some 
documents  indicate  that  no  failure  due  to  plugged  or  clogged  orifices  . 
occurred  [4], 

It  is  unquestionably  valuable  to  correlate  the  effect  of  particulate 
contaminants  with  servovalve  performance  parameters  to  evaluate  their 
susceptibility  to  contaminants.  A  critical  parameter,  wh'ich  represents 
not  only  the  degradation  of  the  servovalve  performance  but  also 
variation  on  the  static  and  dynamic  characteristics,  must  be  selected 
from  the  performance  parameters. 

As  mentioned,  contaminant- related  problems  are  categorized  as 
contaminant  lock  and  contaminant  wear. 


CONTAMINANT  LOCK  ON  SPOOL-TYPE  VALVES 

Spool -type  valves  are  highly  sensitive  to  contaminant-induced 
friction.  Even  without  contaminants,  spool -type  valves  have  a  tendency 
to  lock  in  the  spool  sleeve  at  higher  pressure.  This  phenomenon  is 
termed  hydraulic  lock.  The  combination  of  higher  pressure  and  dirty 
operating  fluid  makes  the  situation  worse  for  these  valves. 

Some  factors  affecting  the  friction  force  on  the  spool  valves  are: 

*  Valve  material,  geometrical  irregularities,  size  of  annular 

clearance,  and  spool  diameter 

*  Particle  materials  and  sizes 

*  Contaminant  size  distribution 

*  Contaminant  concentration 

*  Oscillation  or  movement  of  the  spool 

*  pressure  acting  on  the  spool 

*  Boundary  layer  characteristics  of  the  fluid  used 

Valve  material  and  geometrical  irregularities  have  a  strong  influ¬ 
ence  on  contaminant  susceptibility  of  the  spool  valves,  while  the 
remaining  factors  are  external  influences  on  the  valve  performance. 
Selection  of  valve  materials  and  quality  of  the  valve  surface  finish 
can  significantly  change  the  contaminant  effects  on  valve  performance. 

As  mentioned  previously,  the  hydraulic  lock  phenomenon  can  occur, 
even  though  the  fluid  is  relatively  clean.  This  is  because  surface 
irregularities  and  some  geometrical  configurations  create  pressure 
distribution  asymmetries  along  the  valve  clearance.  This  increases 


the  possibility  of  a  large  lateral  force,  which  can  cause  an  increase 
in  friction.  Apparent  surface  irregularities  could  be  the  result 
of  contaminants. in  the  clearance.  If  these  contaminants  are  softer 
than  the  valve  and  the  sleeve  surface  and  are  easily  fractured,  there 
may  not  be  a  large  frictional  force.  If  the  contaminants  are  very 
hard,  they  might  score  the  surfaces  of  the  sleeve  and  spool,  possibly 
resulting  in  a  jammed  spool.  Figure  3.3,  the  results  of  Kusama  and 
others  [6],  shows  the  effect  of  contaminants -on  the  pressure  distribution 
along  an  inversely  tapered  spool,  which  is  effective  in  avoiding  hydraulic 
lock  and  large  lateral  force. 

Summarizing  the  above  discussion,  the  lateral  force  on  the  spool 
could  be  minimized  if  the  spool  has  good  symmetry,  fine  surface  finish, 
good  roundness,  straightness  of  the  axes,  and  an  inverse  taper.  These 
consequently  can  minimize  friction  force  on  the  spool. 

Another  influential  factor  inducing  a  large  contaminant  lock  force 
is  the  contaminant  particle  size.  Figure  3.4  shows  the  results  of  the 
study  on  the  contaminant  lock,  sensitivity  of  directional  control  valves 
conducted  at  the  FPRC  [7],  The  curves  depict  the  relationship  between 
contaminant  lock  sensitivity  and  contaminant  size.  Each  valve  indicated 
especially  high  sensitivity  to  one  particular  particle  size.  For 
instance,  OSU  Valve  104-2  is'  especially  sensitive  to  10  micrometre 
particles;  whereas,  OSU  Valve  101  showed  sensitivity  to  25  micrometre 
particles. 

The  effect  of  the  concentration  of  contaminants  on  the  locking 
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Fig.  3.4  Valve  Contaminant  Lock  Sensitivity  vs.  Contaminant 
Size  for  Directional  Control  Valves 


force  is  represented  in  Fig.  3.5  [8].  It  is  clearly  revealed  that 
friction  force  increases  as  contaminant  concentration  increases.  The 
friction  force  does  not  diverge  but  approaches  an  asymptotic  level. 

The  study  also  stated  that  the  increase  of  the  concentration  considerably 
accelerates  the  friction  locking  process.  The  higher  the  concentration, 
the  shorter  the  time  before  the  valve  clearance  clogs  completely,' and 
the  frictional  force  reaches  its  maximum  value. 

CONTAMINANT  WEAR  ON  SHARP  ORIFICE  EDGES  OF  THE  SPOOL 

A  major  area  of  concern  in  servovalve  contaminant  sensitivity  has 
been  small  orifice  clogging  and  spool  sticking.  The  significance  of 
contaminant  wear,  however,  has  not  been  fully  appreciated  among  design 
engineers.  This  fact  can  be  seen  in  the  literature  available  concerning 
servovalve  performance  degradation  due  to  contaminant  wear.  The  study 
presented  by  Black  [5]  is  one  of  a  few  references  which  discuss  wear 
on  spool  orifices. 

In  view  of  the  fact  that  the  orifice  lap  condition  is  vital  to  the 
overall  servosystem  performance,  the  susceptibility  of  servovalves 
to  fluid  contamination  should  be  obvious.  It  is  not  realistic  to  pursue 
surgically  or  super  clean  systems  for  servovalves.  Rather,  it  is 
desirable  to  use  servovalves  in  "normal"  clean  systems;  that  is,  in 
systems  where  no  special  care  is  provided  for  servovalves,  which  could 
cause  accelerated  wear  on  the  critical  orifices  and  loss  of  desirable 
performance.  This  is  mainly  due  to  particles  impinging  on  the  sharp 
corners  of  orifices  and  removing  material,  resulting,  in  a  rounding  off 


Fiq.  3.5  Moving  Force  of  the  Spool  vs.  Contaminant  Concentration 


of  the  edges.  It  is  intuitive  that,  the  larger  the  number  of  particles 
impinging  on  orifices,  the  quicker  the  wear  occurs..  It  is  also 
instinctively  perceived  that  larger  particles  cause  more  destructive 
damage  to  the  orifices  by  virtue  of  their  higher  kinetic  energy. 

Particle  impingement  erosion  has  long  been  observed  in  many  fields. 

Coal  slurry  transmission  converts  coal  to  a  fluid  flow  for  transporting. 

The  pumps  and  hydraulic  lines  in  such  systems  are  subjected  to  particle 

impingement  erosion.  Gas  turbine  engines,  gasifiers,  and  catalytic 

cracking  systems  have  also  suffered  damage  due  to  high  speed  particle 

impact  on  the  component  surfaces.  * 

* 

Many  theoretical  and  experimental  investigations  have  been  carried 
out  in  these  fields  of  applications.  In  fluid  power  systems,  particle 
impingement  erosion  can  be  observed  on  poppets  in  relief  valves  and  balls 
in  check  valves  as  well  as  servovalve  spool  orifices.  In  Ref.  [9],  it 
was  stated  that  performance  degradation  due  to  particle  impingement 
erosion  poses  the  most  serious  threat  to  the  reliable  operation  of 
relief  valves.  A  study  by  Pai  [10]  demonstrated  the  effect  of  particle 
impact  angle  on  erosion.  A  brief  review  of  Pai’s  study  is  presented  below 
in  order  to  have  insight  into  the  erosion  phenomenon  on  the  servovalve 
spool  orifices. 

A  number  of  experiments  were  conducted  to  obtain  the  relationship 
between  contaminant  concentration,  particle  size,  and  particle  impact 
angle.  A  theory  developed  by  Bitter  and  later  modified  by  Neilson  and 
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Gilchrist  was  used  to  predict  particle  impingement  erosion  on  fluid 
power  components.  The  theory  is  further  revised  to  be  more  coincident 
with  Bitter's  theoretical  curves..  The  wear  formulae  are,  as  a  result, 
represented  in  Eqs.  (3-1)  and  (3-2): 

4  (ot>«0)  (3-1) 

V  £ 

Qi  2  M  S',nr\(o/-C<tX)  I  4r  M  ( VS.’nc*  -  |<  f  ^^(3-2) 

t  £ 

where  M  =  Total  mass  of  impinging  particles 

V  =  Particle  velocity 

K  =  Threshold  velocity  at  which  the  elastic  limit  is  just 
reached 

4>  =  Cutting  wear  factor 

a  =  Deformation  wear  factor 

a  =  Angle  of  impact 

a0  =  Angle  of  impact  at  which  parallel  component  of  velocity 
just  becomes  zero  when  collision  ends 

“el  =  Threshold  angle  at  which  the  normal  component  of  velocity 
just  reaches  the  threshold  velocity,  K 

n  =  A  constant  on  the  erosion  curve 
The  ratio  of  the  cutting  wear  factor,  <j/,  to  the  deformation  wear 
•  factor,  e,  represents  the  characteristics  of  the  impinging  particles 
and  the  material  being  impinged.  The  erosion  characteristics  are  said  to 
be  brittle  when  4»/e  is  less  than  one;  ductile  when  <j>/e  is  greater  than 
one.  A  ductile  system  was  chosen  for  Pai's  study  where  4>/ e  was 
reported  to  be  0.625. 


» 


Experimental  data  and  theoretical  curves  show  correlation,  and 
the  theory  predicted  the  particle  impingement  erosion  well ,  as  depicted 
in  Fig.  3.6.  The  experiment  reveals  insignificant  effect  of  particle 
size  on  the  erosion,  as  plotted  in  Fig.  3.7.  The  result  can  be 
explained  from  Eq.  (3.1);  the  erosion  is  not  a  function  of  particle 
size.  This  fact,  however,  conflicts  with  the  experiment  on  servovalve 
spool  orifice  wear  conducted  by  Moog  [5].  The  effect  of  concentration 
level  could  not  be  predicted,  although  the  wear  equations  anticipate  a 
proportional  increase  of  wear  as  the  concentration  level  increases.  In 
addition,  an  impact  angle  of  50  deg  caused  the  maximum  wear. 

In  general,  the  erosion  characteristics  of  servovalve  spools  and 
contaminant  material  pertain  to  brittle  systems  in  which  4>/e  is  greater 
than  one.  This  condition  in  terms  of  particles  and  servovalve  spool 
materials  is  similar  to  Pai's  study.  In  the  study,  the  maximum  erosion 
occurred  at  40  to  50  degrees  of  impact  angle  in  ductile  systems.  Thus, 

40  to  50  degrees  of  impact  angle  could  also  cause  severe  erosion  on 
servovalve  spool  control  orifices.  Figure  3.8  depicts  erosion  versus 
angle  of  impact  characteristics  with  different  <j>/e  ratios  plotted  by 
Neilson  and  Gilchrist  [11].  In  the  figure,  erosion  characteristics  of 
servovalves  could  be  full  in  the  region  between  Figure  3.8(b)  and  (c). 
These  figures  show  that  larger  impact  angles  cause  more  severe  erosion. 

It  is  well  known  that  the  jet  from  a  small  spool  orifice  forms  along 
the  axis  whose  angle  from  the  spool  axis  is  69  deg.  As  depicted  in  Fig. 
3.9,  impinging  angle  of  particles  on  both  surfaces  or  corners  of  the 
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spool  and  the  sleeve  would,  then,  be  69  deg  and  21  deg,  respectively. 

i 

Particles  impinging  to  the  surface  at  69  deg  would  cause  heavier 
erosion  and  round  off  the  sharp  corners  more  than  those  impinging  at 


CHAPTER  IV  -  SERVOVALVE  CONTAMINANT  SENSITIVITY  THEORY 
The  servovalve  contaminant  sensitivity  theory  must  encompass  both 
contaminant  wear  and  contaminant  lock.  Contaminant  lock  sensitivity 
is  evaluated  from  the  increase  of  hysteresis  due  to  contaminant-induced 
friction  as  a  function  of  contaminant  concentration  and  particle  size 
intervals.  It  is  an  indication  of  how  the  servovalves  tolerate  the 
maximum  contamination  level  within  the  specified  performance. 

Contaminant  wear  sensitivity,  on  the  other  hand,  is  evaluated  from  the 
variation  in  pressure  gain,  which  shows  direct  performance  deviation 
from  the  initial  specifications  as  a  function  of  particle  size.  It  is 
an  indication  of  servovalve  life  demonstrating  how  many  hours  the  servo¬ 
valves  can  operate  acceptably  within  the  specified  performance. 
CONTAMINANT  LOCK  SENSITIVITY 

The  evaluation  of  contaminant  lock  sensitivity  is  established  based 
on  the  semi -empirical  theory  for  spool  type  directional  control  valves 
developed  by  the  KPRC  [7]. 

The  contaminant  lock  theory  for  spool  valves  is  supported  by  the 
constant  pressure  filtration,  as  is  the  contaminant  lock  mechanism  of 
spool  valves.  The  primary  assumptions  made  to  support  this  theory  are 
as  follows: 

*  The  capture  mechanism  of  direct  Interception  of  particles  from 
the  fluid  stream  lines  is  adjacent  to  the  pore  walls. 

*  The  particle  retention  on  the  walls  of  the  pores  is  achieved  in 
such  a  way  that  the  volume  passage  decreases  in  direct  proportion 


to  the  volume  of  filtrate  which  passes  through  the  flow  path. 

*  Leakage  flow  follows  Poiseui lie's  Law. 

*  The  silting  force  which  resists  spool  movement  is  proportional 
tG  tne  volume  of  contaminant  retained  in  the  clearance  between  the 
valve  spool  and  the  housing. 

The  result  of  the  above  assumptions  led  to  the  final  form  of  the 
equation  showing  the  relationships  among  the  silting  force,  F, 
stationary  time,  t,  valve  geometry,  fluid  viscosity,  u,  pressure 
differential,  AP,  across  the  leakage  path,  and  contaminant  concentration, 
Vp,  as  shown  in  Eq.  (4-1 ).  , 


Values  ki  and  k2  are  geometric  parameters  of  the  valve  spool  and  are 
attained  empirically  from  test  data.  These  values  are  distinctive 
from  valve  to  valve  and  between  various  particle  size  ranges.  The 
semi -empirical  model  has  been  verified  by  the  development  of  a 
contaminant  monitor  [2]  as  well  as  a  directional  control  valves  study 
[7]. 

Application  of  the  theory  to  servovalves  is  made  with  little 
modification.  Measuring  silting  force  on  the  servovalve  spools  is 
impractical.  Besides,  the  silting  force  does  not  indicate  direct 
contaminant  susceptibility  of  servovalves  because  of  the  capability 
of  the  first-stage  hydraulic  amplifiers  to  drive  second-stage  spools. 
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If  the  servovalves  have  sufficient  driving  capability  to  over-come 
larger  silting  forces,  the  valve  might  demonstrate  no  degradation 
on  output  performance  parameters.  A  better  .parameter  is  the  hysteresis 
increase  due  to  friction, which  is  in  turn  due  to  silting  force.  Thus, 
Eq.  (4-1)  can  be  used  to  determine  the  change  of  silting  force  with 
an  increase  of  hysteresis.  For  the  servovalve  contaminant  sensitivity, 
contaminant  concentration  is  selected  as  an  independent  variable.  This 
makes  the  test  process  shorter  and  minimizes  the  destruction  of  larger 
particles. 

Equation  (4-1)  is  rewritten  for  the  form  of  the  servovalve 
contaminant  lock  sensitivity  as: 


Parameters  Xi  and  Yi  depend  only  on  the  contaminant  size  (5-10  urn, 
10-20  urn,  20-30  pm)  when  ail  other  conditions  remain  constant.  These 
parameters,  called  contaminant  lock  coefficients,  are  determined  by 
finding  the  best  fit  curve  to  a  set  of  data  (Vn,  b.)  obtained  from 

r  i 

testing.  Unfortunately,  it  is  not  practical  to  use  double -cut  AC  Fine 
Test  Dust  (5-10,  10-20,  etc.).  Therefore,  lower  cut  ACFTD  (0-5  pm, 

0-10  um,  0'20  pm,  0-30  ym)  is  substituted, and  the  result  is  converted 
to'  the  equations  for  interval  contaminant  size.  The  conversion  is 
performed  from  the  particle  size  distribution  relations  in  each  dust 
fraction.  The  size  distribution  of  the  lower  cut  dust  is  tabulated 
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in  Table  4.1.  This  table  is  used  in  Eq.  (4-3)  to  calculate  the  effect 
of  each  particle  size  interval.  It  is  assumed  that  there  are  no 
particles  larger  than  5  pm  in  0-5  pm  lower  cut  dust;  no  particle 
larger  than  10  pm  in  0-10  pm;  etc.  The  contribution  of  each  particle 
size  interval  to  the  lock  coefficient  for  lower  cut  dust  is  calculated 
from  Eq.  (4-3).  Weighting  factors  in  Eq.  (4-3)  are  obtained  from 
particle  distribution  of  the  lower  cut  dust;  as  shown  in  Table  4,1. 

Xo-io  -0.0  42  Xo-s  ■+  O.i  SS  Xs  -i  * 

(M) 

Xo-g  (>  —  o.  6>Srf  Xo-s  *}•  p.  2  X$-»c>  '\  0.orlLl  X)0mio 

Yo-,o  =o.4S7  Vs*6*23?Yffo-*-*0.o'74  Y /w* 


To  determine  the  Omega  rating  value,  contaminant  lock  coefficients 
for  the  Beta  10  filter  model  are  calculated.  The  relationship  be¬ 
tween  the  lock  coefficients  for  Beta  10  model  and  particle  size  interval 
calculated  above  is  derived  based  on  the  curve  of  Beta  10  =  2.  Contri¬ 
bution  of  each  particle  size  interval  to  the  lock  coefficients  is 
evaluated  from  this  curve,  assuming  that  the  total  number  of  particles 
is  counted  from  particles  greater  than  1  pm.  As  a  result,  the 
contaminant  lock  coefficients  for  the  Beta  10  model  are  calculated  from 


Eq.  (4-4). 

X0.5  -VO.  OSS-  ^f.|0  -t  O.eol  X,  o-,?  0 

Yf*.  ~  ^4 '/0..s  4  o.o  Yr-io  -»0-o0l  *to-*o 


(4-4) 


1-43 


v; 


THE  LOWER  CUT  DUST 


i 

(4<n 

U  10 

0  20 

a 

0-40 

0-50 

0  60 

0/5 

74  2% 

68  7% 

67.9% 

67.8% 

67.7% 

67.7% 

67.7% 

5/10 

25  8 

23  9 

23.6 

23.6 

23.5 

23.5 

23.5 

10/20 

i 

i 

B 

a 

a 

7.4 

20/30 

i 

a 

1.1 

1.0 

1.0 

1.0 

30/40 

■ 

1 

a 

0.2 

a 

m 

0.26 

40/50 

■ 

a 

a 

0.1 

0.11 

0.10 

50/60 

■ 

■ 

a 

a 

9 

0.03 

60/70 

i 

■ 

a 

a 

i 

a 

a 

Table  4.1  Particle  Distribution  of 
the  Lower  Cut  Dust 
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Substituting  the  values  of  Xg  and  Yg  from  Eq.  (4-4)  in  place  of  Xi  and 
Yi  into  Eq.  (4-2),  the  relationship  between  hysteresis  increase  and 
gravimetric  level  is  obtained  for  the  Beta  10  filter  model.  From  this 
relationship,  the  Omega  rating  value  is  defined  as  the  Beta  10  filter 
needed  to  ensure  a  performance  degradation  of  no  more  than  2  percent 
of  hysteresis  increase  after  one  minute  of  stationary  time  in  the 
standard  system.  The  standard  system  is  defined  as  a  hydraulic  system 
having  a  flow  rate  of  20  gpm  and  an  ingression  rate  of  108  particles 
per  minute  greater  than  10  pm. 

The  Omega  rating  value  is  based  on  this  standard  system  and  a 
Beta  10  =  2  filter. 

CONTAMINANT  WEAR 

Wear  on  the  spool  orifices  changes  the  performance  of  a  servo¬ 
valve.  Worn  orifices  cause  higher  loop  gain, which  brings  about  an 
oscillatory  system  response  and  reduced  stiffness, which  increases  the 
error  due  to  external  disturbances. 

Servovalve  wear  is  dependent  on  the  valve  material  and  design. 
Assuming  that  the  contaminant  in  the  hydraulic  system  has  the  same 
characteristics  as  AC  Fine  Test  Oust  and  that  its  properties  do  not 
change,  the  major  factors  which  affect  performance  degradation  are 
contaminant  concentration  level  and  contaminant  particle  size.  The 
term  ''contaminant  concentration  level"  includes  a  time  factor.  For 
example,  consider  an  electrohydraulic  servovalve  regulating  flow  to  an 
actuator  in  a  hydraulic  system  whose  contaminant  level  is  10  mg/L. 


After  100  hours  of  operation,  the  servovalve  is  removed  to  check 
the  performance  degradation  and  the  pressure  gain  is  found  to  have 
decreased  to  80  percent  of  the  original.  Another  identical  servo-' 
valve  in  operation  in  another  system  with  the  same  conditions,  except 
with  contaminant  concentration  level  of  20  mg/L,  may  experience  a  decrease 
in  pressure  gain  to  80  percent  of  the  original  in  only  50  hours. 

The  performance  degradation  is  then  expressed  as  a  function  of 
contaminant  particle  size  and  contaminant  concentration,  which  is  a 
function  of  time.  Defining  the  contaminant  sensitivity,  Slt  of  the 
component  at  each  contaminant  size  interval,  i,  the  relationship 

4 

between  the  performance  degradation  and  the  contaminant  is  shown  by 
Eq.  (4-5).  This  parametric  representation  simplifies  the  concept  of 
contaminant  sensitivity. 


p.  -  P-2  -  '  Si  Mi 


(4-5) 


where  Pj  -  P2  is  performance  degradation 

Ni  is  total  amount  of  contaminant  to  which  the  component  is  exposed. 
The  total  amount  of  contaminant,  N\,  is  expressed  in  terms  of  flow 
rate  Q(t),  and  contaminant  concentration,  Ni(t),  as: 


Mt  --  QU)  r^iLi)  (  *,  -  *0 


(4-6) 
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Substituting  Eq.  (4-6)  into  Eq.  (4-5)  gives: 

"P,  "'Pa  -  -  SL  Qi*)  ih(0(/,-iJ  (4-7) 

Representing  this  discrete  equation  in  continuous  form,  Eq.  (4-7) 
becomes : 

-  S,  Qli  )  ut  a  )  (4-8) 

In  the  laboratory,  the  particles  destroyed  in  the  test  system  are  not 

replenished;  whereas,  in  the  field,  contaminant  ingression  and  filtration 

create  a  more  or  less  steady  contaminant  level.  Expressing  it  in  the 

term,  n^,  in  the  above  equations,  n^  is  constant  in  the  field.  In  the 

* 

laboratory,  particle  numbers  could  vary,  depending  on  the  components  in 
the  test  system,  especially  a  pump  and  its  operating  time.  The  number 
of  larger  particles  decreases  due  to  destruction,  mainly  in  a  pump,  and 
smaller  increase  in  number  until  destruction  of  all  of  the  larger 
particles  takes  place. 

This  process  continues  until  all  of  the  contaminants  become  small 
enough  to  be  unharmful  to  a  test  component.  The  destruction  process 
could  be  expressed  in  mathematical  model  as  in  Eq.  (4-9a): 


Where  no  is  the  initial  number  of  particles  per  liter  and  t- the  time 
constant  in  the  particle  destruction  process. 

The  particle  destruction  process  changes  due  to  the  pump  used  in 
the  test  system.  Component  contaminant  sensitivity  would  alter  as  a 
result.  An  analysis  on  the  particle  destruction  process  is  introduced 
below  from  the  work  at  the  FPRC  [9]. 

Figure  4.1  is  a  result  obtained  from  the  particle  destruction 
analysis  under  the  test  condition  that  contaminant  size  0-80  ym  of 
classified  AC  Fine  Test  Dust  was  injected  into  the  test  system  to  set 
the  contaminant  concentration  level  to  100  mg/L.  Population  changes 

4 

on  each  particle  interval  show  replenishing  of  smaller  particles  due 
to  destruction  of  larger  particles. 

Figure  4.2  illustrates  the  time  constant,  t,  in  different  particle 
size  intervals.  The  dotted  line  in  the  graph  is  obtained  from  a  least 
squares  fit  exponential  to  describe  the  particle  population  change  as  a 
function  of  particle  size  intervals.  Smaller  particle  .size  ranges 
replenished  by  the  destruction  process  of  larger  particles  exhibit  longer 
time  constants;  whereas,  larger  particle  size  ranges  show  shorter  time 
constants  because  these  particles  are  destroyed  but  not  replenished.  The 
.time  constant  obtained  for  larger  particles  could  be  used  directly  for 
data  interpretation  because  no  replenishment  of  particles  clearly  repre¬ 
sents  laboratory  test  conditions.  Extrapolating  the  time  constant  values 
of  greater  than  30  ym  to  smaller  size  to  10  ym  was  performed,  as  shown  in 


ustration  of  Particles  Destruction  Characteristic 
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The  destruction  process  for  smaller  particles,  especially  Q-10  ym 
particles,  has  proved  to  have  a  negligible  effect  on  particle  number. 
This  fact  leads  to  the  assumption  that  the  particle  population  of  these 


smaller  sizes  is  constant  and  expressed  as  in  Eq.  (4-9b): 

Ylili  )  ~  “ft*  i 


(4-9b) 


It  has  been  verified  that  the  contaminant  sensitivity  of  a  component 
is  a  proportional  function  of  the  concentration.  This  relation  is 
expressed  in  Eq.  (4-10)  defining  the  contaminant  wear  coefficient,  a. 

5i  (n)  =  Of-  ni{l)  (4-10) 


The  performance  degradation  equation  now  becomes: 


/'Ip  j  —  2  £•/ X- 

=  -cTc  n0\  Qa-ye 


(4-11) 


For  servovalves,  performance  degradation  is  analogous  to  pressure 
gain  variation;  therefore,  Eq.  (4-11)  is  transformed  into  Eq.  (4-12): 
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In  this  equation,  controlled  load  flow,  Ql ,  is  kept  constant.  Inte¬ 
gration  yields  an  expression  for  pressure  gain  at  any  time  t  after  the 
concentration  n0  has  been  initially  established. 

=  k?o  7  T  n*  (  I  -  e2^/x )  (4-1 3a) 

Where  Kp0  is  the  initial  pressure  gain  prior  to  contaminant  injection. 
In  the  assumption  made  in  the  previous  paragraphs,  Eq.  (4.13a)  can  be 
expressed  as  in  Eq.  (4-1 3b) . 

.  4 

kF  =  kPO  -  oL-k  (4-i 3b ) 


This  equation  is  only  valid  for  particle  sizes  up  to  10  urn.  From  Eq. 
(4-1 3a  &  b)  the  contaminant  wear  coefficient  can  be  expressed  as: 


(t^)i 


(4-14a) 


(kp„  -  Xyj  ) _ (fi,  T><£iO/fm)  (4-1 4b ) 


Where  the  subscript  i  identifies  the  particle  size  interval  injected. 

Using  Eqs.  (4-1 4a )  or  (b),  the  relationship  between  gravimetric 
level  and  pressure  gain  can  be  obtained  reforming  Eq.  (4-1 4a )  in  terms 
of  gravimetric  levels  for  X  and  Y. 
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From  the  above  equations  and  the  fact  that  Q2»  t,  and  a  do  not  change 
their  values  due  to  different  gravimetric  levels: 

($/  _  *r<  Lk_ 
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(4-15) 


Equation  (4-15)  shows  direct  relationship  between  gravimetric  level  and 
pressure  gain  degradation. 

Since  lower  cut  test  dust  is  used  for  testing,  pressure  gain  degra¬ 
dation  must  be  converted,  as  in  the  contaminant  lock  sensitivity  theory. 
For  the  size  range  of  0-10  uni  test  dust,  the  total  pressure  degradation 

due  to  the  lower  cut  dust  0-10  um  could  be  contributed  to  each  size 

* 

interval,  as  shown  in  the  equation  below. 
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where  Ak 


po— 5 
0-1 Q 


is  the  degradation  due  to  the  percentage  of  0-5  um  test  dust 


in  the  range  of  0-10  um. 

Ak£5-10  the  de9radati°n  due  to  the  amount  of  5-10  um  test  dust  in  the 
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CHAPTER  I  -  INTRODUCTION 


Electrohydraul ic  servovalves  were  originally  developed  for  the 
aerospace  industry  because  their  compactness  and  high  response  capa¬ 
bilities  offered  distinct  advantages.  As  the  technology  of  electro- 
hydraulic  servomechanisms  evolved,  the  use  of  servovalves  has  broadened 
to  incluGe  macnine  tools,  mobile  equipment,  and  many  other  applications 
where  a  load  must  be  positioned  accurately. 

As  the  application  of  servovalves  spread,  one  serious  problem 

became  evident  —  contaminant  sensitivity.  Since  servomechanisms  are 

* 

manufactured  with  very  precise  and  close  tolerances  to  satisfy  high  per¬ 
formance  requirements,  they  are  more  sensitive  to  contaminant  than  most 
other  hydraulic  components.  Servovalves  installed  in  missiles  and 
aircraft  are  usually  protected  by  intensive  filtration;  however,  servo¬ 
valves  used  in  mobile  equipment  are  generally  exposed  to  severe 
contaminant  environments.  The  contaminant  level  found  in  a  mobile 
hydraulic  system  is  usually  much  higher  than  that  in  missile  and  air¬ 
craft  systems.  Also,  servovalves  used  in  mobile  hydraulic  systems  are 
expected  to  have  longer  operating  lives.  Protection  from  contaminant 
is  essential  if  the  desired  operating  life  is  to  be  achieved. 

To  determine  the  protection  required  for  a  servovalve,  the  contam¬ 
inant  sensitivity  of  the  valve  must  be  evaluated;  however,  test  procedures 
which  evaluate  the  contaminant  sensitivity  are  not  yet  available. 


The  objectives  of  the  project  which  are  the  subject  of  this  report 
include: 

1.  Develop  test  procedures  to  evaluate  the  contaminant  sensitivity 
of  servovalves. 

2.  Conduct  the  contaminant  sensitivity  tests  on  servovalves. 

3.  Develop  interpretation  techniques  for  the  test  results  to 
determine  the  contamination  protection  requirements. 

The  plan  of  attack  used  to  accomplish  the  objectives  of  this  study 

was: 

1.  Construction  of  thq  test  system. 

2.  Development  of  test  procedures  necessary  to  evaluate  the 
contaminant  sensitivity  of  servovalves. 

3.  Evaluation  of  the  contaminant  effects  on  servovalve  hysteresis 
and  threshold.  (Different  sizes  of  classified  AC  Fine  Test  Dust 
were  used  to  establish  the  relationship  between  contaminant  size 
and  sensitivity.  Clogging  of  the  filter  will  be  avoided  during 
testing. ) 

4.  Increase  of  hysteresis  was  measured  as  a  function  of  contain^ 
inant  level  and  size,  while  time  of  exposure  to  contaminant  was 
kept  constant. 

5.  Evaluation  of  the  change  of  pressure  gain  due  to  contaminant 


v/ear. 


G.  Interpretation  of  test  results,  (Interpretation  techniques 
fcr  the  test  results  were  developed  to  select  the  servovalve  best 
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suited  for  the  particular  application  and  to  determine  the  filter 
protecti on  requi rements . ) 
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CHAPTER  II  -  REVIEW  OF  PREVIOUS  STUDIES 

Contamination  effect  on  electrohydraulic  servovalves  has  been 
discussed  recurrently  by  virtue  of  the  potential  of  the  servovalves- 
for  automation  and  their  capability  to  interface  with  microelectronics. 
The  results  acquired  from  many  investigations  on  contaminant  sens.tivity 
of  the  servovalves  have  given  users  the  negative  impression  that  they 
are  very  sensitive  to  contaminants.  This  position  has  been  engrained 
by  such  statements  as  that  by  Williams  [1]  that  "The  operating 
environment  of  servovalves  must  approach  surgical  cleanliness  standards." 
Williams,  however,  claimed  that  present  day  servovalves  are  reliable 
based  on  field  experiences  and  the  studies  done  on  new  servovalve 
design.  A  survey  conducted  by  Nai'r  [2]  among  leading  manufacturers 
and  users  of  the  electrohydraulic  servovalves,  on  the  contrary,  shows 
that  the  contaminant  related  problems  of  servovalves  still  need  to  be 
studied  scientifically  and  that  the  effective  use  of  servovalves  must  be 
promoted. 

As  shown  in  Williams'  paper  and  Nair’s  survey,  there  seem  to  be 
some  misunderstandings  among  users  and  manufacturers.  Neither  have  any 
evaluation  technique  to  accurately  evaluate  servovalve  performance  in 
contaminated  systems. 

This  study  is  intended  to  fill  or  at  least  alleviate  this  gap 
between  the  users  and  the  manufacturers  by  developing  an  evaluation 
technique  for  servovalve  contaminant  sensitivity  as  well  as  providing 


a  filter  selection  technique  for  particular. servovalves.  A  summary 
of  some  previous  servovalve  studies  is  presented  below. 

WADC  STUDY  [3] 

A  technical  report  published  by  WADC  (Wright  Air  Development  Center) 
discusses  an  attempt  to  ascertain  the  susceptibility  of  the  servovalves 
to  a  high  degree  of  contamination  in  hydraulic  fluids.  The  report  in¬ 
cludes  a  survey  of  servovalve  vendors  and  users.  The  survey  from  the 
vendors  shows  that  design  improvements  have  decreased  contaminant  related 
problems.  Main  emphasis  from  the  vendors  was  aimed  at  built-in  filter 
design,  torque  motor  design,  and  more  powerful  first  stage  amplifier. 

v 

From  the  user  standpoint,  servovalves  operating  under  relatively 
low  temperature,  below  160  F,  had  the  least  contamination  problems. 
Servovalves  operated  in  high  temperature  were  felt  to  be  likely  to  meet 
contamination  problems.  A  missile  manufacturer  stated  that  all  oil  was 
passed  through  a  set  of  filters  which  consisted  of  a  10  pm  filter  in 
series  with  a  2  pm  filter  to  eliminate  contaminants.  The  servovalve 
users  which  had  little  difficulty  from  oil  contamination  paid  a  great 
deal  of  attention  to  their  systems  by  maintaining  the  assembly  and  test 
area  clean,  providing  high-quality  filters,  and  by  emphasis  on  good 
maintenance  practices. 

One  of  the  objectives  of  the  WADC  study  was  to  formulate  experi¬ 
mental  procedures.  The  experiment  evaluated  position  feedback  of  the 
actuator  to  the  servo  amplifier.  When  contaminant  of  a  particular  size 
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range  was  added  to  the  system,  a  temporary  command  signal  was  applied 
to  the  servovalve,  and  the  position  response  was  recorded.  The 
contaminant  addition  and  the  valve  operation  were  continued  until  the 
valve  ceased  to  operate  satisfactorily.  The  total  contaminant  added  and 
total  operating  time  before  failure  were  recorded  as  well  as  spool  end 
pressure  and  actuator  end  pressure  for  the  failure  analysis. 

The  deleterious  effects  of  the  servosystem  were  observed  by  the 
position  output  of  the  actuator.  The  failure  symptoms  which  they 
defined  were  sluggishness,  hard-over,  and  oscillation.  The  causes  of 
failure  were  perceived  based  on  the  progressive  dismantling  and  cleaning 
procedure.  The  procedure  is  shown  in  the  flow  chart  in  Fig.  2.1.  The 
report  in  the  procedure  section  mentioned  that  the  filters,  orifices, 
or  nozzles  were  removed  and  cleaned  one  at  a  time  when  a  "hard-over': 
condition  happened. 

From  the  test  results  tabulated  in  the  report,  20  failures  were  due 
to  filter  clogging,  ten  due  to  orifice,  three  due  to  nozzle,  three  due  to 
second  stage  failure.  It  was  stated  that  the  servovalves  were  less 
susceptible  when  the  first  stage  quiescent  flows  were  less.  In 
conjunction  with  this  statement,  it  is  concluded  that  the'  tests  were 
more  of  a  filter  test  than  a  valve  design  test,  because  the  valve 
malfunction  in  most  cases  resulted  from  filter  clogging. 

LOCKHEED  STUDY  [A] 

A  contamination  study  performed  by  Vought  Electronics  under 
contract  from  Lockheed  Aircraft  Corporation  concluded  that  the  major 


Fig.  2.1  Flow  Chart  of  Failure  Diagnosis 
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cause  of  the  failure  of  the  electrohydraulic  servovalves  tested  was 
erosion  of  targets,  nozzles,  flappers,  spool  valves,  etc.  The  report 
stated  that  there  were  no  failures  related  to  clogging  of  orifices  -or 
filters  except  one  valve  which  failed  because  of  a  collapsed  built-in 
filter.  The  failure  in  terms  of  erosion  was  designated  when  the  valve 
went  hard-over  or  failed  to  respond  to  the  maximum  input  current. 

The  test  procedure  they  developed  is  summarized  in  flow  chart  form 
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in  Fig.  2.2.  The  contaminant  used  in  their  study  was  a  mixture  of  90 
percent  standard  AC  Fine  Test  Dust  (ACFTD)  and  10  percent  carbonyl  iron 
powder. 

4 

Failure  analysis  was  performed  by  disassembly.  Since  some  of  the 
servovalves  tested  used  a  wet  torque  motor,  iron  filings  were  found 
in  the  air  gap  around  the  motor  poles.  The  servovalves  consisting 
of  dry  torque  motor  were  found  to  have  no  deposit  around  the  torque 
motors.  The  fixed  orifices,  nozzles,  flappers,  etc.,  were  carefully 
examined  for  erosion  or  damage.  The  nozzle-flappers  of  some  servovalves 
were  eroded  so  that  pilot  pressure  gain  was  decreased.  This  caused  less 
driving  capability  of  the  second  stage  spool  valve.  The  report  showed 
one  failure  due  to  the  collapse  of  built-in  filters  over  the  supply 
orifices.  Scoring  on  the  spool  valve  surfaces  occured  in  all  valves. 

From  the  test  results,  one  of  the  servovalves  tested  failed  to 
operate  with  only  a  6  mg/L  total  contaminant  concentration  while  another 


one  survived  528  mg/L.  Using  the  data  obtained  from  the  report,  thresh- 
hold  performance  degradation  was  redrawn  as  a  function  of  contaminant 
concentration  in  Fig.  2.3 
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MOOG  STUDY  [5] 

Moog  attacked  the  problem  more  scientifically.  The  contaminant 
sensitivity  was  classified  into  two  categories:  temporary  performance 
degradation  and  permanent  performance  degradation.  The  temporary 
performance  degradation  was  detected  by  measuring  threshold  increase 
during  contaminant  injection.  The  permanent  perfo nuance  degradation 
was  measured  from  leakage  flow. 

The  effect  of  the  particle  size  on  performance  was  studied.  It 
was  found  that  the  servovalve  threshold  would  increase  as  a  function 
of  fine  particles,  1-5  pm.  Because  larger  particles  cause  clogging 
of  orifices  or  built-in  filters,  the  use  of  0-10  pm  classified  ACFTD 
was  recommended  to  evaluate  the  threshold  sensitivity  of  the  servo¬ 
valves.  This  procedure  simplified  the  test  procedure.  The  other  point 
to  be  noted  from  this  report  fs  the  failure  criteria  of  testing.  It 
was  suggested  that  threshold  sensitivity  degradation  beyond  10  percent 
of  rated  signal  was  of  no  value,  since  such  a  large  threshold  would  not 
be  acceptable  to  most  users.  Using  0-10  pm  test  dust,  the  threshold 
was  measured  according  to  the  schedule  summarized  in  Table  2.1.  The 
threshold  increase  was  redrawn  from  the  Moog  results,  as  shown  in  Fig. 

2.4.  The  threshold  was  measured  at  concentrations  of  2,  4,  8,  and  16  mg/L. 

The  permanent  performance  degradation  measured  from  leakage  flow 
was  evaluated  as  the  degree  of  wear  on  sharp  orifices  on  the  second 
stage  spool.  As  in  the  previous  test,  0-10  pm  ACFTD  was  used.  It  was 
concluded  that  the  measurement  of  the  sensitivity  for  different  particle 


current) 


size  distributions  (i.e.,  0-5  urn,  0-10  pm,  etc.)  on  the  same  specimen 
was  not  feasible  because  the  performance  degradation  starts  high  and 
progressively  decreases  as  wear  increases  the  clearance  and  rounds  -the 
corners  of  the  spool  orifices.  The  wear  due  to  0-10  ym  contaminant 
was  caused  by  cycling  the  servovalves  for  40  minutes  with  20  mg/L 
of  contaminant  concentration.  The  leakage  flow  was  measured  after  two 
successive  40-minute  periods  of  operation.  The  internal  leakage  flow 
increased  from  2  percent  of  rated  flow  to  f  nercent. 

The  effect  of  flow  rate  through  the  spool  orifice  edges  was  also 

investigated  by  removing  the  first  stage  assembly  and  installing  special 
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spool  stops  in  the  second  stage  assembly  to  fix  the  spool  at  various 
valve  openings.  For  small  openings,  internal  leakage  did  not  ncrease 
appreciably  because  of  the  silting  effect.  For  larger  openings,  there 
was  no  appreciable  effect  of  flow  rate  on  the  leakage  rate,  as  shown  in 
Table  2.2. 

Using  che  same  equipment  prepared  for  the  above  test,  the  effect 
of  particle  impact  on  the  spool  orifice  edges  was  tested  by  adding 
different  particle  size  ranges:  0-5  ym,  0-10  ym,  and  0-80  ym.  The 
concentration  for  this  test  was  300  mg/L.  The  result  showed  that 
larger  particles  caused  more  erosion  than  the  smaller  particles. 

The  report  listed  the  overall  permanent  degradation  on  servovalve 
performance  after  the  sensitivity  tests.  These  included: 

1.  Sight  increase  in  gain  at  null. 

2.  vsteresis  and  threshold  increase  by  1  percent. 
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3.  Seventeen  percent  decrease  of  original  pressure  gain  value. 

4.  Decrease  in  first  stage  gain. 

5.  Increase  in  first  stage  leakage  flow. 

DISCUSSION 

Each  of  these  studies  reached  a  milestone  for  the  evaluation 
technique  of  servovalve  contaminant  sensitivity.  Their  accomplishments 
have  been  invaluable  in  this  project. 

These  studies  pointed  out  some  of  the  myths  concerning  servovalves 
while  bringing  out  some  interesting  anomalies.  For  instance,  the  valve 
which  survived  a  concentration  level  of  528  mg/L  would  probably  be 

4 

operating  long  after  most  hydraulic  pumps  would  have  been  destroyed  by 
contaminant.  Other  test  valves  would  not  survive  in  ultra-clean  systems. 


CHAPTER  III  -  THEORETICAL  BACKGROUND 
TYPES  OF  SERVOVAlVES 

Electrohydraulic  servovalves  can  be  classified  by  their  internal 
configurations,  the  number  of  stages  in  power  amplification,  and  the 
control  mode.  From  the  flow  and  response  requirements,  the  servo¬ 
valves  can  be  categorized  as  single-stage,  two-stage,  and  three-stage. 
Single-stage  servovalves  consist  of  a  torque  motor  and  a  four-way  valve. 
Because  of  their  simplicity,  single-stage  servovalves  are  less  expensive, 
and  their  response  is  high  compared  with  multiple-stage  servovalves. 

Their  disadvantages  are  thq  flow  capacity  due  to  steady-state  flow 
forces  and  stability  which  depends  on  the  load  dynamics, 

Two-stage  servovalves,  which  are  the  most  common,  are  composed  of 
a  second-stage  valve  driven  by  a  single-stage  servovalve,  while  three- 
stage  servovalves  consist  of  a  third-stage  valve  driven  by  a  two-stage 
servovalve.  By  compounding  the  servovalve  in  the  above  fashion,  the 
disadvantages  of  the  single-stage  servovalves  are  overcome,  but  such 
valves  become  more  complex  and  expensive. 

Multiple-stage  servovalves  have  some  sort  of  feedback  between  the 
first  stage  and  second  stage.  There  are  three  basic  methods  of  feeding 
back  the  signal  from  second  stage  to  first  stage: 

*  Centering  springs  on  the  spool  end  of  the  second  stage  to  create 
a  force  balance  between  the  stages. 

*  A  feedback  spring  deflected  by  the  second-stage  spool  displace¬ 
ment  to  create  a  force  feedback  to  the  torque  motor. 
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*  Position  feedback  accomplished  by  direct  position  feedback. 

similar  to  hydraulic  followers  (Fig.  3.1). 

The  classification  can  also  be  made  from  the  configuration  of  the 
first-stage  hydraulic  amplifiers.  The  most  common  designs  are  nozzle 
flapper,  jet  pipe,  jet  deflector,  and  spool  types.  Schematics  of  each, 
design  are  shown  in  Fig.  3.2. 

With  respect  to  the  control  modes  of  the  servovalves,  there  are 
six  types  available: 

*  flow  control 

*  pressure  control  , 

*  pressure-flow  control 

*  dynamic  pressure  .feedback 

*  static  load  error  washout 

*  acceleration  switching 

The  flow  control  servovalves  are  basic  and  the  most  common.  They 
control  load  flow  proportional  to  the  electrical  input  current  at 
constant  load.  This  type  of  servovalve  has  high  resolution  and  stiff¬ 
ness  but  low  damping.  Pressure  control  servovalves  provide  a  differ¬ 
ential  pressure  output  in  response  to  an  electrical  input  current  wh.il e 
pressure-flow  control  servovalves  regulate  flow  i.n  response  to  both,  the 
electrical  input  current  and  the  differential  load  pressure.  This 
function  provides  effective  damping  in  high-resonant  loaded  servosystems 
at  the  expense  of  lowering  system  stiffness.  The  servovalves  combining 
the  functions  of  the  flow  control  servovalves,  which  provide  stiffness 
on  the  steady  state,  and  the  pressure  flow  control  servovalves,  which 
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provide  effective  damping  under  dynamic  conditions,  are  called  the 
dynamic  pressure  feedback  servovalves.  The  static  load  error  washout 
servovalves  have  a  further  feature  besides  the  dynamic  pressure  feedback 
technique.  This  type  includes  an  additional  static  pressure  feedback 
to  compensate  load  position  errors  caused  by  the  load  structural 
compliance.  The  acceleration  switching  servovalves  are  quite  distinct 
from  the  others,  although  the  construction  of  these  valves  is  similar 
to  the  flow  control  servovalve  aforementioned.  The  input  signal  to 
the  torque  motor  is  a  high  frequency  pulse  length  modulated  wave 
instead  of  conventional  DC  input  current. 

4 

Regardless  of  the  way  in  which  the  servovalve  is  described,  one 
thing  remains  common  —  small  clearances.  Spool  displacements  as  low 
as  0.25  to  0.5  mm  are  common,  while  radial  clearances  of  0.7  to  1.5  ym 
are  found  in  some  aerospace  applications.  Unless  careful  design 
practices  are  utilized,  these  clearances  will  invariably  pose  serious 
contamination  sensitivity  problems. 

SERVOVALVE  PERFORMANCE  PARAMETERS 


$ 


To  obtain  better  performance,  the  electrohydraulic  servovalves 
are  fabricated  with  very  close  tolerances.  Typical  high  performance 
servovalves  for  industrial  applications  have  spool  laps  of  20  ym  for 
all  null  edges.  This  spool  lap  condition  governs  the  system  performance 
and  stability. 

To  determine  the  performance  of  the  servovalves,  several  parameters 
should  be  examined.  Some  of  these  parameters  are  dependent  upon  the 
spool  lap  conditions.  The  important  parameters  are: 
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flow-pressure  coefficient 
pressure  sensitivity 
■  hysteresis 
threshold 

internal  leakage  flow 

The  first  three  parameters  are  called  valve  coefficients.  These 
coefficients  influence  the  stability  of  the  servosystems.  The  flow 
gain  affects  open-loop  gain.  The  flow-pressure  coefficient  provides 
systems  damping  and  is  rela-ted  to  the  leakage  characteristics  of  the 
valve.  The  pressure  sensitivity  is  expressed  by  the  ratio  of  flow 
gain  to  the  flow-pressure  coefficient  and  represents  the  ability  of  a 
valve-motor  or  valve-piston  combination  to  accelerate  an  inertial 
load  under  large  loads  with  little  error.  The  larger  the  pressure 
sensitivity,  the  lower  the  system  compliance. 

Hysteresis  is  a  nonlinearity  caused  by  the  magnetic  effect  of 
the  torque  motor  and  the  friction  on  the  spool.  Threshold  is  also 
induced  by  friction  on  the  spool.  These  nonlinearities  should  be  kept 
as  small  as  possible  to  avoid  trouble  in  stability.  In  general,  a 
system  having  strong  nonlinearities  might  exhibit  limit  cycle 
oscillations  or  jump  resonance. 

Internal  leakage  flow  is  mainly  related  to  energy  consumption. 

In  missile  applications,  for  example,  very  low  internal  leakage  rates 
are  normally  selected  in  order  to  supply  fluid  to  the  system  for  a 
certain  period  of  time.  Internal  leakage  flow  is  subjected  not  only  to 


first-stage  hydraulic  amplifier  configuration  but  also  second-stage 
spool  valve  lap  conditions.  Underlapped  spool  valves  cause  large 
amounts  of  internal  leakage  flow  and  also  can  be  the  cause  of  higher 
wear  rates  on  metering  orifices. 

EFFECT  OF  CONTAMINANTS' ON  SERVOVALVE  PERFORMANCE  PARAMETERS 

Servovalve  reliability  and  performance  are  a  function  of  several  . 

factors.  The  valve  design,  discussed  in  previous  sections,  is  one  of 

them.  Another  factor  might  be  the  performance  and  efficiency  of  the 

filters  selected  for  the  servosystems.  Also,  the  material  of  the 

contaminants  affects  servovalve  performance  severely. 

* 

The  effect  of  contaminants  on  the  servovalves  appears  in  the  form 
of  contaminant  lock  force  on  the  spool,  wear  on  the  critical  surface 
and  orifices,  and  clogging  of  small  fixed  or  variable  orifices.  The 
contaminant  lock  force  is  created  by  the  silting  of  small  particles  in 
the  tight  clearance  between  the  spool  and  the  sleeve.  The  result  of 
silting  then  emerges  as  sluggish  response  due  to  increased  friction 
on  the  spool  or  perhaps  unstable  servosystem  response.  If  the  second- 
stage  spool  driving  force  is  not  large  enough  to  overcome  the  frictional 
force  due  to  silting,  hard-over  or  total  loss  of  flow  capability  results 
This  kind  of  sudden  failure,  so-called  catastrophic  failure,  can  be 
disastrous  on  some  equipment. 

In  contrast  to  the  contaminant  lock  mode,  which  causes  temporary 
performance  degradation,  contaminant  wear  brings  about  permanent 
performance  deteriorations,  so-called  perceptible  failure.  Even  though 
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the  working  fluid  is  moderately  clean*  contaminant  wear  remains  a 

concern.  Scoring  and  abrading  between  the  spool  and  sleeve  surfaces 

may  occur,  as  may  wear  in  orifices.  The  most  critical  of  the 

orifices  are  the  control  orifices  on  the  spool  that  regulate  the  flow 

to  load  according  to  a  signal.  Rounding  off  the  sharp  edges  of  the 

orifices  causes  a  change  in  the  discharge  coefficient  of  the  orifices 

and  change  in  valve  performance  parameters.  A  different  rate  of  wea. 

in  the  orifices  causes  a  null-shift  in  servovalves.  Excessive  null 

shift  causes  asymmetric  flow.  Rounding  off  the  fixed  orifices  of  the 

servovalves  also  changes  their  discharge  coefficients  but  has  less 

* 

effect  on  the  servovalve  performance. 

Clogging  small  fixed  and  variable  orifices  and  built-in  filters 
leads  to  other  disastrous  results  in  servosystems.  This  problem  had 
been  considered  the  general  cause  of  valve  failure  in  the  past,  but  some 
documents  indicate  that  no  failure  due  to  plugged  or  clogged  orifices 
occurred  [4]. 

It  is  unquestionably  valuable  to  correlate  the  effect  of  particulate 
contaminants  with  servovalve  performance  parameters  to  evaluate  their 
susceptibility  to  contaminants.  A  critical  parameter,  which  represents 
not  only  the  degradation  of  the  servovalve  performance  but  also 
variation  on  the  static  and  dynamic  characteristics,  must  be  selected 
from  the  performance  parameters. 

As  mentioned,  contaminant-related  problems  are  categorized  as 
contaminant  lock  and  contaminant  wear. 
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CONTAMINANT  LOCK  ON  SPOOL-TYPE  VALVES 

Spool-type  valves  are  highly  sensitive  to  contaminant-induced 
friction.  Even  without  contaminants,  spool -type  valves  have  a  tendency 
to  lock  in  the  spool  sleeve  at  higher  pressure.  This  phenomenon  is 
termed  hydraulic  lock.  The  combination  of  higher  pressure  and  dirty 
operating  fluid  makes  the  situation  worse  for  these  valves. 

Some  factors  affecting  the  friction  force  on  the  spool  valves  are: 

*  Valve  material,  geometrical  irregularities,  size  of  annular 

clearance,  and  spool  diameter 

*  Particle  materials  and  sizes 

* 

*  Contaminant  size  distribution 

*  Contaminant  concentration 

*  Oscillation  or  movement  of  the  spool 

*  Pressure  acting  on  the  spool 

*  Boundary  layer  characteristics  of  the  fluid  used 

Valve  material  and  geometrical  irregularities  have  a  strong  influ¬ 
ence  on  contaminant  susceptibility  of  the  spool  valves,  while  the 
remaining  factors  are  external  influences  on  the  valve  performance. 
Selection  of  valve  materials  and  quality  of  the  valve  surface  finish 
can  significantly  change  the  contaminant  effects  on  valve  performance. 

As  mentioned  previously,  the  hydraulic  lock  phenomenon  can  occur, 
even  though  the  fluid  is  relatively  clean.  This  is  because  surface 
irregularities  and  some  geometrical  configurations  create  pressure 
distribution  asymmetries  along  the  valve  clearance.  This  increases 
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the  possibility  of  a  large  lateral  force,  which  can  cause  an  increase 
in  friction.  Apparent  surface  irregularities  could  be  the  result 
of  contaminants  in  the  clearance.  If  these  contaminants  are  softer- 
than  the  valve  and  the  sleeve  surface  and  are  easily  fractured,  there 
may  not  be  a  large  frictional  force.  If  the  contaminants  are  very 
hard,  they  might  score  the  surfaces  of  the  sleeve  and  spool,  possibly 
resulting  in  a  jammed  spool.  Figure  3.3,  the  results  of  Kusama  and 
others  [6],  shows  the  effect  of  contaminants  on  the  pressure  distribution 
along  an  inversely  tapered  spool,  which  is  effective  in  avoiding  hydraulic 
lock  and  large  lateral  force. 

4 

Summarizing  the  above  discussion,  the  lateral  force  on  the  spool 
could  be  minimized  if  the  spool  has  good  symmetry,  fine  surface  finish, 
good  roundness,  straightness  of  the  axes,  and  an  inverse  taper.  These 
consequently  can  minimize  friction  force  on  the  spool. 

Another  influential  factor  inducing  a  large  contaminant  lock  force 
is  the  contaminant  particle  size.  Figure  3.4  shows  the  results  of  the 
study  on  the  contaminant  lock  sensitivity  of  directional  control  valves 
conducted  at  the  FPRC  [7].  The  curves  depict  the  relationship  between 
contaminant  lock  sensitivity  and  contaminant  size.  Each  valve  indicated 
especially  high  sensitivity  to  one  particular  particle  size.  For 
instance,  OSU  Valve  104-2  is  especially  sensitive  to  10  micrometre 
particles;  whereas,  OSU  Valve  101  showed  sensitivity  to  25  micrometre 
particles. 

The  effect  of  the  concentration  of  contaminants  on  the  locking 


CIRCUMFERENTIAL  ANGLE  OF  SPO< 
(C  =  0.007  mm,  FLUID:  EMULSION) 


Lock  Sei 
il  Cont 


force  is  represented  in  Fig,  3,5  [8],  It  is  clearly  revealed  that 
friction  force  increases  as  contaminant  concentration  increases.  The 
friction  force  does  not  diverge  but  approaches  an  asymptotic  level.. 

The  study  also  stated  that  the  increase  of  the  concentration  considerably 
accelerates  the  friction  iocxing  process.  The  higher  the  concentration, 
the  shorter  the  time  before  the  valve  clearance  clogs  completely,  and 
the  frictional  force  reaches  its  maximum  value. 

CONTAMINANT  WEAR  ON  SHARP  ORIFICE  EDGES  OF  THE  SPOOL 

A  major  area  of  .concern  in  servovalve  contaminant  sensitivity  has 
been  small  orifice  clogging  and  spool  sticking.  The  significance  of 
contaminant  wear,  however,  has  not  been  fully  appreciated  among  design 
engineers.  This  fact  can  be  seen  in  the  literature  available  concerning 
servovalve  performance  degradation  due  to  contaminant  wear.  The  study 
presented  by  Black  [5]  is  one  of  a  few  references  which  discuss  wear 
on  spool  orifices. 

In  view  of  the  fact  that  the  orifice  lap  condition  is  vital  to  the 
overall  servosystem  performance,  the  susceptibility  of  servovalves- 
to  fluid  contamination  should  be  obvious.  It  is  not  realistic  to  pursue 
surgically  or  super  clean  systems  for  servovalves.  Rather,  it  is 
desirable  to  use  servovalves  in  "normal"  clean  systems;  that  is,  in 
systems  where  no  special  care  is  provided  for  servovalves,  which  could 
cause  accelerated  wear  on  the  critical  orifices  and  loss  of  desirable 
performance.  This  is  mainly  due  to  particles  impinging  on  the  sharp 
corners  of  orifices  and  removing  material,  resulting  in  a  rounding  off 
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of  the  edges.  It  is  intuitive  that,  the  larger  the  number  of  particles 
impinging  on  orifices,  the  quicker  the  wear  occurs.  It  is  also 
instinctively  perceived  that  larger  particles  cause  more  destructive 
damage  to  the  orifices  by  virtue  of  their  higher  kinetic  energy. 

Particle  impingement  erosion  has  long  been  observed  in  many  fields. 

Coal  slurry  transmission  converts  coal  to  a  fluid  flow  for  transporting. 

The  pumps  and  hydraulic  lines  in  such  systems  are  subjected  to  particle 

impingement  erosion.  Gas  turbine  engines,  gasifiers,  and  catalytic 

cracking  systems  have  also  suffered  damage  due  to  high  speed  particle 

impact  on  the  component  surfaces. 

* 

Many  theoretical  and  experimental  investigations  have  been  carried 
out  in  these  fields  of  applications.  In  fluid  power  systems,  particle 
impingement  erosion  can  be  observed  on  poppets  in  relief  valves  and  balls 
in  check  valves  as  well  as  .servovalve  spool  orifices.  In  Ref.  [9],  it 
was  stated  that  performance  degradation  due  to  particle  impingement 
erosion  poses  the  most  serious  threat  to  the  reliable  operation  of 
relief  valves.  A  study  by  Pai  [10]  demonstrated  the  effect  of  particle 
impact  angle  on  .erosion.  A  brief  review  of  Pai's  study  is  presented  below 
in  order  to  have  insight  into  the  erosion  phenomenon  on  the  servovalve 
spool  orifices. 

A  number  of  experiments  were  conducted  to  obtain  the  relationship 
between  contaminant  concentration,  particle  size,  and  particle  impact 
angle.  A  theory  developed  by  Bitter  and  later  modified  by  Neil  son  and 


Gilchrist  was  used  to  predict  particle  impingement  erosion  on  fluid 
power  components.  The  theory  is  further  revised  to  be  more  coincident 
with  Bitter's  theoretical  curves.  The  wear  formulae  are,  as  a  result, 
represented  in  Eqs.  (3-1)  and  (3-2): 

Q  =  4  in (  Vj'M*  -kX  <*  ■>*„.)  (3-1) 
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where  M  =  Total  mass  of  impinging  particles 

V  =  Particle  velocity 

K  =  Threshold  velocity  at  which  the  elastic  limit  is  just 
reached 

<t>  =  Cutting  wear  factor 

a  =  Deformation  wear  factor 

a  =  Angle  of  impact 

a0  =  Angle  of  impact  at  which  parallel  component  of  velocity 
just  becomes  zero  when  collision  ends 

ael  =  Threshold  angle  at  which  the  normal  component  of  velocity 
just  reaches  the  threshold  velocity,  K 

n  =  A  constant  on  the  erosion  curve 
The  ratio  of  the  cutting  wear  factor,  <j>',  to  the  deformation  wear 
factor,  e,  represents  the  characteristics  of  the  impinging  particles 
and  the  material  being  impinged.  The  erosion  characteristics  are  said  to  • 
be  brittle  when  <f>/e  is  less  than  one;  ductile  when  <j>/e  is  greater  than 
one.  A  ductile  system  was  chosen  for  Pai's  study  where  <j>/e  was 
reported  to  be  0.625. 


Experimental  data  and  theoretical  curves  show  correlation,  and 
the  theory  predicted  the  particle  impingement  erosion  well,  as  depicted 
in  Fig.  3.6.  The  experiment  reveals  insignificant  effect  of  particle 
size  on  the  erosion,  as  plotted  in  Fig.  3.7.  The  result  can  be 
explained  from  Eq.  (3.1);  the  erosion  is  not  a  function  of  particle 
size.  This  fact,  however,  conflicts  with  the  experiment  on  servovalve 
spool  orifice  wear  conducted  by  Moog  [5].  The  effect  of  concentration 
level  could  not  be  predicted,  although  the  wear  equations  anticipate  a 
proportional  increase  of  wear  as  the  concentration  level  increases.  In 
addition,  an  impact  angle  of  50  deg  caused  the  maximum  wear. 

4 

In  general,  the  erosion  characteristics  of  servovalve  spools  and 
contaminant  material  pertain  to  brittle  systems  in  which  (j>/e  is  greater 
than  one.  This  condition  in  terms  of  particles  and  servovalve  spool 
materials  is  similar  to  Pai's  study.  In  the  study,  the  maximum  erosion 
occurred  at  40  to  50  degrees  of  impact  angle  in  ductile  systems.  Thus, 

40  to  50  degrees  of  impact  angle  could  also  cause  severe,  erosion  on 
servovalve  spool  control  orifices.  Figure  3.8  depicts  erosion  versus 
angle  of  impact  characteristics  with  different  <j>/e  ratios  plotted  by 
Neil  son  and  Gilchrist  [11].  In  the  figure,  erosion  characteristics  of 
servovalves  could  be  full  in  the  region  between  Figure  3.8(b)  and  (c). 
These  fioures  show  that  larger  impact  angles  cause  more  severe  erosion. 

It  is  well  known  that  the  jet  from  a  small  spool  orifice  forms  along 
the  axis  whose  angle  from  the  spool  axis  is  69  deg.  As  depicted  in  Fig. 
3.9,  impinging  angle  of  particles  on  both  surfaces  or  corners  of  the 


Fig.  3.7  Erosion  Rate  vs.  Impact  Angles  at  Various  Particl 
Ranges.  Concentration  Level  =150  mg/L.  Impact 
Velocity  =  41.5  m/s 


Typical  Erosion-Angle  of  Attack  Characteristic 


Particle  Impinging  Process  at  the  Spool  Qrtfi.ce 
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spool  and  the  sleeve  would,  then,  be  69  deg  and  21  deg,  respectively. 
Particles  impinging  to  the  surface  at  69  deg  would  cause  heavier 
erosion  and  round  off  the  sharp  corners  more  than  those  impinging  at 
21  deg. 
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CHAPTER  IV  -  SERVOVALVE  CONTAMINANT  SENSITIVITY  THEORY 
The  servovalve  contaminant  sensitivity  theory  must  encompass  both 
contaminant  wear  and  contaminant  lock.  Contaminant  lock  sensitivity 
is  evaluated  from  the  increase  of  hysteresis  due  to  contaminant-induced 
friction  as  a  function  of  contaminant  concentration  and  particle  size 
intervals.  It  is  an  indication  of  how  the  servovalves  tolerate  the 
maximum  contamination  level  within  the  specified  performance. 

Contaminant  wear  sensitivity,  on  the  other  hand,  is  evaluated  from  the 
variation  in  pressure  gain,  which  shows  direct  performance  deviation 
from  the  initial  specifications  as  a  function  of  particle  size.  It  is 
an  indication  of  servovalve  life  demonstrating  how  many  hours  the  servo¬ 
valves  can  operate  acceptably  within  the  specified  performance. 
CONTAMINANT  LOCK  SENSITIVITY 

The  evaluation  of  contaminant  lock  sensitivity  is  established  based 
on  the  semi -empirical  theory  for  spool  type  directional  control  valves 
developed  by  the  FPRC  [7]. 

The  contaminant  lock  theory  for  spool  valves  is  supported  by  the 
constant  pressure  filtration,  as  is  the  contaminant  lock  mechanism  of 
spool  valves.  The  primary  assumptions  made  to  support  this  theory  are 
as  follows: 

*  The  capture  mechanism  of  direct  interception  of  particles  from 
the  fluid  stream  lines  is  adjacent  to  the  pore  walls. 

*  The  particle  retention  on  the  walls  of  the  pores  is  achieved  in 
such  a  way  that  the  volume  passage  decreases  in  direct  proportion 


wt 


to  the  volume  of  filtrate  which  passes  through  the  flow  path. 

*  Leakage  flow  follows  Poi seui lie’s  Law. 

*  The  silting  force  which  resists  spool  movement  is  proportional 
to  the  volume  of  contaminant  retained  in  the  clearance  between  the 
valve  spool  and  the  housing. 

The  result  of  the  above  assumptions  led  to  the  final  form  of  the 
equation  showing  the  relationships  among  the  silting  force,  F, 
stationary  time,  t,  valve  geometry,  fluid  viscosity,  y,  pressure 
differential,  AP,  across  the  leakage  path,  and  contaminant  concentration, 
Vp,  as  shown  in  Eq.  (4-1)., 


F  =  ki 


(■- 


) 


(4-1) 


Values  ki  and  kz  are  geometric  parameters  of  the  valve  spool  and  are 
attained  empirically  from  test  data.  These  values  are  distinctive 
from  valve  to  valve  and  between  various  particle  size  ranges.  The 
semi -empirical  model  has  been  verified  by  the  development  of  a 
contaminant  monitor  [2]  as  well  as  a  directional  control  valves  study 
[7]. 

Application  of  the  theory  to  servovalves  is  made  with  little 
modification.  Measuring  silting  force  on  the  servovalve  spools  is 
impractical-.  Besides,  the  silting  force  does  not  indicate  direct 
contaminant  susceptibility  of  servovalves  because  of  the  capability 
of  the  first-stage  hydraulic  amplifiers  to  drive  second-stage  spools. 
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If  the  servovalves  have  sufficient  driving  capability  to  overcome 
larger  silting  forces,  the  valve  might  demonstrate  no  degradation 
on  output  performance  parameters.  A  better  parameter  is  the  hysteresis 
increase  due  to  friction, which  is  in  turn  due  to  silting  force.  Thus, 
Eq.  (4-1)  can  be  used  to  determine  the  change  of  silting  force  with 
an  increase  of  hysteresis.  For  the  servovalve  contaminant  sensitivity, 
contaminant  concentration  is  selected  as  an  independent  variable.  This 
makes  the  test  process  shorter  and  minimizes  the  destruction  of  larger 
particles. 

Equation  (4-1)  is  rewritten  for  the  form  of  the  servovalve 
contaminant  lock  sensitivity  as:  . 


Parameters  Xi  and  Yi  depend  only  On  the  contaminant  size  (5-10  pm, 
10-20  urn,  20-30  pm)  when  all  other  conditions  remain  constant.  These 
parameters,  called  contaminant  lock  coefficients,  are  determined  by 
finding  the  best  fit  curve  to  a  set  of  data  (Vp,  b^)  obtained  from 
testing.  Unfortunately,  it  is  not  practical  to  use  double -cut  AC  Fine 
Test  Dust  (5-10,  10-20,  etc.).  Therefore,  lower  cut  ACFTD  (0-5  pm, 

0-10  pm,  0-20  pm,.  0-30  pm)  is  substituted,  and  the  result  is  converted 
to  the  equations  for  interval  contaminant  size.  The  conversion  is 
performed  from  the  particle  size  distribution  relations  in  each  dust 
fraction.  The  size  distribution  of  the  lower  cut  dust  is  tabulated 


in  Table  4.1.  This  table  is  used  in  Eq.  (4-3)  to  calculate  the  effect 
of  each  particle  size  interval.  It  is  assumed  that  there  are  no 
particles  larger  than  5  yin  in  0-5  ym  lower  cut  dust;  no  particle 
larger  than  10  ym  in  0-10  ym;  etc.  The  contribution  of  each  particle 
size  interval  to  the  lock  coefficient  for  lower  cut  dust  is  calculated 
from  Eq.  (4-3).  Weighting  factors  in  Eq.  (4-3)  are  obtained  from 
particle  distribution  of  the  lower  cut  dust;  as  shown  in  Table  4,1. 

^0-10  -0.04-2  Xo-s  •+  0.-2£~8  Xs'-ia 
Vo-lo  =0.'14-'Z  Vo-g-  ■+  2  S'  5  y  s"-f  o 

(4-3) 

—0.657  Xo—  ST  *t  ^0.  2. 6 ^ o-^o 
7o-5o  =  0.6X7  7o-s  H-0.237  Yr-,O+0lO'7^  V/o -20 

To  determine  the  Omega  rating  value,  contaminant  lock  coefficients 
Xg  for  the  Beta  10  filter  model  are  calculated.  The  relationship  be¬ 
tween  the  lock  coefficients  for  Beta  10  model  and  particle  size  interval 
calculated  above  is  derived  based  on  the  curve  of  Beta  10  =  2.  Contri¬ 
bution  of  each  particle  size  interval  to  the  lock  coefficients  is 
evaluated  from  this  curve,  assuming  that  the  total  number  of  particles 
is  counted  from  particles  greater  than  1  ym.  As  a  result,  the 
contaminant  lock  coefficients  for  the  Beta  10  model  are  calculated  from 
Eq.  (4-4). 

X^  =  °  -  7  (s4  *0-7  -t  0.0  3  ST  Xy.l#  -V  o.oo  |  *,o-*o 
Yp  “  °’  7o-s  4  O.C5  sT  Ysr-io 


"t  XfO~?  O 
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THE  LOWER  CUT  DUST 
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Table  4.1  Particle  Distribution  of 
the  Lower  Cut  Dust 


Substituting  the  values  of  X3  and  Yg  from  Eq.  (4-4)  in  place  of  Xi  and 
Yi  into  Eq.  (4-2),  the  relationship  between  hysteresis  increase  and 
gravimetric  level  is  obtained  for  the  Beta  10  filter  model.  From  this 
relationship,  the  Omega  rating  value  is  defined  as  the  Beta  10  filter 
needed  to  ensure  a  performance  degradation  of  no  more  than  2  percent 
of  hysteresis  increase  after  one  minute  of  stationary  time  in  the 
standard  sys'cJ.  i"K  standard  system  is  defined  as  a  hydraulic  system 
having  a  f,ow  rate  of  20  gpm  and  an  ingression  rate  of  108  particles 
per  minute  greater  than  10  ym. 

The  Omega  rating  value  is  based  on  this  standard  system  and  a 
Beta  10  =  2  filter. 

CONTAMINANT  WEAR 

Wear  on  the  spool  orifices  changes  the  performance  of  a  servo¬ 
valve.  Worn  orifices  cause  higher  loop  gain, which  brings  about  an 
oscillatory  system  response  and  reduced  stiffness, which  increases  the 
error  due  to  external  disturbances. 

Servovalve  wear  is  dependent  on  the  valve  material  and  design. 
Assuming  that  the  contaminant  in  the  hydraulic  system  has  the  same 
characteristics  as  AC  Fine  Test  Dust  and  that  its  properties  do  not 
change,  the  major  factors  which  affect  performance  degradation  are 
contaminant  concentration  level  and  contaminant  particle  size.  The 
term  "contaminant  concentration  level"  includes  a  time  factor.  For 
example,  consider  an  electrohydraulic  servovalve  regulating  flow  to  an 
actuator  in  a  hydraulic  system  whose  contaminant  level  is  10  mg/L. 
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After  100  hours  of  operation,  the  servovalve  is  removed  to  check 

the  performance  degradation  and  the  pressure  gain  is  found  to  have 

decreased  to  80.  percent  of  the  original.  Another  identical  servo- - 

valve  in  operation  in  another  system  with  the  same  conditions,  except 

with  contaminant  concentration  level  of  20  mg/L,  may  experience  a  decrease 

in  pressure  gain  to  80  percent  of  the  original  in  only  50  hou^«. 

The  performance  degradation  is  then  expressed  as  a  function  of 

contaminant  particle  size  and  contaminant  concentration,  which  is  a 

function  of  time.  Defining  the  contaminant  sensitivity,  Sj,.  of  the 

component  at  each  contaminant  size  interval,  i,  the  relationship 

* 

between  the  performance  degradation  and  the  contaminant  is  shown  by 
Eq.  (4-5).  This  parametric  representation  simplifies  the  concept  of 
contaminant  sensitivity. 

•  P,  ~  ft  -  “  NU  (4-5) 

where  P*  -  P2  is  performance  degradation 

Ni  is  total  amount  of  contaminant  to  which  the  component  is  exposed. 
The  total  amount  of  contaminant,  Ni ,  is  expressed  in  terms  of  flow 
rate  Q(t),  and  contaminant  concentration,  N\(t),  as: 


NlL  =  Q(t)  nut)  C  *,  - 


(4-6) 
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Substituting  Eq.  (4-6)  into  Eq.  (.4-5)  gives: 

*R  -  Vi  =-Si(?^n;(i)(/,'iz)  (4-7) 

Representing  this  discrete  equation  in  continuous  form,  Eq.  (4-7) 
becomes : 

~  -  -  Si  Q0*)ncu)  .  (4-8) 

In  the  laboratory,  the  particles  destroyed  in  the  test  system  are  not 
replenished;  whereas,  in  the  field,  contaminant  ingression  and  filtration 
create  a  more  or  less  steady  contaminant  level.  Expressing  it  in  the 
term,  n^ ,  in  the  above  equations,  n^  is  constant  in  the  field.  In  the 
laboratory,  particle  numbers  could  vary,  depending  on  the  components  in 
the  test  system,  especially  a  pump  and  its  operating  time.  The  number 
of  larger  particles  decreases  due  to  destruction,  mainly  in  a  pump,  and 
smaller  increase  in  number  until  destruction  of  all  of  the  larger 
particles  takes  place. 

This  process  continues  until  all  of  the  contaminants  become  small 
enough  to  be  unharmful  to  a  test  component.  The  destruction  process 
could  be  expressed  in  mathematical  model  as  in  Eq.  (4-9a): 

rii  (* )  =  7io  e^/r  (4-9a) 
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Where  no  is  the  initial  number  of  particles  per  liter  and  t  the  time 
constant  in  the  particle  destruction  process. 

The  particle  destruction  process  changes  due  to  the  pump  used  in 
the  test  system.  Component  contaminant  sensitivity  would  alter  as  a 
result.  .  An  analysis  on  the  particle  destruction  process  is  introduced 
below  from  the  work  at  the  FPRC  [9], 

Figure  4.1  is  a  result  obtained  from  the  particle  destruction 
analysis  under  the  test  condition  that  contaminant  size  0-80  ym  of 
classified  AC  Fine  Test  Dust  was  injected  into  the  test  system  to  set 
the  contaminant  concentration  level  to  100  mg/L.  Population  changes 
on  each  particle  interval  show  replenishing  of  smaller  particles  due 
to  destruction  of  larger  particles. 

Figure  4.2  illustrates  the  time  constant,  t,  in  different  oarticle 
size  intervals.  The  dotted  line  in  the  graph  is  obtained  from  a  least 
squares  fit  exponential  to  describe  the  particle  population  change  as  a 
function  of  particle  size  intervals.  Smaller  particle  size  ranges 
replenished  by  the  destruction  process  of  larger  particles  exhibit  longer 
time  constants;  whereas,  larger  particle  size  ranges  show  shorter  time 
constants  because  these  particles  are  destroyed  but  not  replenished.  The 
time  constant  obtained  for  larger  particles  could  be  used  directly  for 
data  interpretation  because  no  replenishment  of  particles  clearly  repre¬ 
sents  laboratory  test  conditions.  Extrapolating  the  time  constant  values 
of  greater  than  30  ym  to  smaller  size  to  10  ym  was  performed,  as  shown  in 
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ustration  of  Particles  Destruction  Characteristic 
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The  destruction  process  for  smaller  particles,  especially  Q-10  m 
particles,  has  proved  to  have  a  negligible  effect  on  particle  number. 
This  fact  leads  to  the  assumption  that  the  particle  population  of  these 
smaller  sizes  is  constant  and  expressed  as  in  Eq.  (4-9b): 

(4-9b) 

It  has  been  verified  that  the  contaminant  sensitivity  of  a  component 
is  a  proportional  function  of  the  concentration.  This  relation  is 
expressed  in  Eq.  (4-10)  defining  the  contaminant  wear  coefficient,  a. 

5c  L-n)  f  °Ci  VI U*)  (4'10) 


The  performance  degradation  equation  now  becomes: 


dP_ 

cii 


=  -  c cc  n0l  Qtt)e 


~2^/~C 


(4-11) 


For  servovalves,  performance  degradation  is  analogous  to  pressure 
gain  variation;  therefore,  Eq.  (.4-11)  is  transformed  into  Eq.  (4-12): 


dkp  _ 


it  --  '  ^  ^  e 


-2^/r 


(4-12) 
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In  this  equation,  controlled  load  flow,  Q|_,  is  kept  constant.  Inte¬ 
gration  yields  an  expression  for  pressure  gain  at  any  time  t  after  the 
concentration  n0  has  been  initially  established. 

I<P  =  fc?0  ~  z~  T  *  n*  (.  I  -  <£2Hx )  (4-1 3a) 

Where  Kpo  is  the  initial  pressure  gain  prior  to  contaminant  injection. 
In  the  assumption  made  in  the  previous  paragraphs,  Eq.  (4.13a)  can  be 
expressed  as  in  Eq.  (4-1 3b) . 

4 

kp  =  kpo  -  c«i  Hoi  QL-k  (4-1 3b ) 


This  equation  is  only  valid  for  particle  sizes  up  to  10  pm.  From  Eq. 
(4-1 3a  &  b)  the  contaminant  wear  coefficient  can  be  expressed  as: 


(■C°Oj 


(  kpo  kp- f  )  i_ 


_L 
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c  i  -  e 


-24-/  X 
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(4-14a) 


L l<:P^  ~  . J _  (fr  E>  <  |  0//ni )  (4-1 4b ) 

n0-J  §L  ir 


Where  the  subscript  i  identifies  the  particle  size  interval  injected. 

Using  Eqs.  (4-14a)  of  (b),  the  relationship  between  gravimetric 
level  and  pressure  gain  can  be  obtained  reforming  Eq.  (4-1 4a)  in  terms 
of  gravimetric  levels  for  X  and  Y. 
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From  the  above  equations  and  the  fact  that  Q2,  t,  and  a  do  not  change 


their  values  due  to  different  gravimetric  levels: 

.i«!  =  iSizJfid*-  (mb, 

/3-f  ^Po  -  h 

Equation  (4-15)  shows  direct  relationship  between  gravimetric  level  and 
pressure  gain  degradation. 

Since  lower  cut  test  dust  is  used  for  testing,  pressure  gain  degra¬ 
dation  must  be  converted,  as  in  the  contaminant  lock  sensitivity  theory. 
For  the  size  range  of  0-10  ym  test  dust,  the  total  pressure  degradation 
due  to  the  lower  cut  dust  0-10  ym  could  be  contributed  to  each  size 
interval,  as  shown  in  the  equation  below. 


A  kpo-fo  =  0*7 fB 


ZilCp  Sr 'I  o 


(4-16) 


where  Ak  is  the  degradation  due  to  the  percentage  of  0-5  ym  test  dust 
0=10* 

in  the  range  of  0-10  ytn.. 

AKp5_i Q  1S  degradation  due  to  the  amount  of  5-10  ym  test  dust  in  the 
raRg^°of  0-10  ym. 


1-53 


y:V7K-J  TOTOKJ STOTTSST 


Further  manipulation  yields  Eq.  (4-17)  from  Eq.  (4-14). 

7  2 

Kpf  -  -  c*0_?  Ho  2is  Quj  -  cxv.^ofloi^  cvJ  -f  '<>»  (4-17) 


Where  n0  g  5  •  5-10  rePresent  the  Particle  number  per  unit  volume  of 

(PTO  Po 

0-5  ym  and  5-10  ym  contaminant  included  in  0-10  ym  contaminant  injection, 


respectively. 


Rearranging  Eq.  (4-17)  yields  Eq.  (4-18): 
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(4-18) 


Similarly,  the  equations  for  10-20,  20-30,  30-40  ym,  and  40-50  ym  particle 

\ 

size  intervals  are  obtained.  The  contaminant  wear  coefficient  of  all 
interval  size  contaminants  is  summarized  in  the  following  using  the 
fact  that  the  particle  destruction  occurs  as  discussed  in  previous 
paragraphs.  The  time  constants  for  the  interval  particles  are  denoted 
as  *10-20’  *20-30’  and  so  forth’  Maj°r  contaminant  destruction  can  be 
assumed  to  take  place  in  the  pumps  of  the  servovalve  test  hydraulic 
systems. 
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where:  Subscript  3  corresponding  to  0-20  or  10-20 
Subscript  4  corresponding  to  0-30  or  20-30 
Subscript  5  corresponding  to  0-40  or  30-40 
Subscript  6  corresponding  to  0-50  or  40-50 
These  contaminant  wear  coefficients  were  derived  from  laboratory  test 
data  and  represent  the  characteristic  susceptibility  to  contaminant 
wear  for  a  particular  servovalve.  In  other  words,  these  coefficients 
are  an  inherent  property  of  a  particular  servovalve. 

As  mentioned,  contaminant  particles  remain  at  some  constant 
condition  in  the  field.  Thus,  field  contaminant  concentration  Npi 
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becomes  as  Eq.  (4-20) 


(Jr  )  -  nF: 


(4-20) 


Pressure  gain  as  a  function  of  time  for  a  reference  field  condition 
can  be  derived  by  a  similar  process  as  before.  The  resulting  equation 
becomes  : 


-  Ql  f  L  np.  c*i  ]  ± 


(4-21) 


From  Eq.  (4-21),  a  reference  contaminant  life  equation  is  obtained  : 


-  ^y°  ~  t 

T  Qu  t  f)pL  °<  L 

L-l  t 


(4-22) 


where  KpT  is  pressure  gain  corresponding  to  time  T; 

Calculating  Eq.  (.4-22)  gives  the  contaminant  service  life 
according  to  the  specified  contaminant  environment.  A  contaminant 
tolerance  profile  can  be  drawn  from  Eq.  (4-22).  The  profile  is  the 
locus  of  tangency  points  and  is  obtained  from  the  contaminant  particle 
distribution  curves  for  the  same  contaminant  service  life. 

The  Omega  rating  value  for  servovalves  is  defined  as  the  Beta  10 
filter  value  required  to  assure  a  1000  hour  life  in  the  standard  system. 

From  the  Omega  rating  value,  the  necessary  filter  requirement  for 
servovalves  can  be  specified  to  ensure  a  service  life  with  the  required 
performance  limitations. 


CHAPTER  V  -  T  '.ST  STAND 


In  order  to  conduct  the  tests  described  in  the  previous  chapter, 
a  contaminant  sensitivity  test  facility  was  constructed.  It  was 
determined  that  the  test  stand  must  meet  the  following  criteria: 

1.  It  must  accept  a  variety  of  valves  up  to  four-way,  three 
position. 

2.  It  must  have  facilities  for  a  controlled  rate  of  injection 
of  contaminants  into  the  fluid  stream. 

3.  The  components  in  the  test  system  must  not  be  contaminant 
sensitive,  and  they  must  neither  generate  nor  trap  the  test  contaminant 
so  that  the  gravimetric  level  of  the  contaminants  will  remain  constant. 

4.  It  must  be  compatible  with  mineral  base  fluids  as  well  as  the 
entire  range  of  fire  resistant  fluids. 

5.  It  must  have  a  cleanup  system  to  remove  the  contaminants 
after  each  test. 

To  meet  these  criteria,  a  stand  was  fabricated  using  the  schematic 
diagram  shown  in  Fig.  5.1.  The  stand  was  provided  with  a  manifold 
suitable  for  mounting  a  variety  of  valves  on  their  individual  adapters. 

To  meet  these  criteria,  a  stand  was  fabricated  using  the  schematic 
diagram  shown  in  Fig.  5.1.  The  stand  was  provided  with  a  manifold 
suitable  for  mounting  a  variety  of  valves  on  their  individual  adapters. 
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The  injection  chamber  provides  the  means  for  injecting  the 
ACFTQ  contaminants  at  a  controlled  rate.  The  chamber  is  constructed 
of  glass  so  that  the  injection  process  can  be  observed  and  to  ensure 
that  the  contaminant  does  not  adhere  to  the  side  walls.  The  base  of 
the  chamber  is  conical. 

Contaminant  is  put  into  the  chamber  as  a  slurry.  The  injection 
valve  is  then  opened  to  allow  the  slurry  to  flow  into  the  test  reservoir, 
where  it  is  thoroughly  mixed  with  the  test  fluid  by  the  agitating  action 
of  the  diffuser  through  which  all  return  fluid  flows.  Residual 
contaminants  are  removed  from  the  injection  chamber  by  allowing  a  portion 
of  the  return  fluid  to  flow  through  the  chamber. 

The  components  used  in  the  stand  were  chosen  based  either  on 
previously-conducted  contaminant  sensitivity  tests  or  on  known 
contaminant  insensitive  designs.  For  instance,  the  main  system  pump 
has  a  demonstrated  high  contaminant  tolerance,  while  the  charge  pump 
uses  a  centrifugal  design,  which  is  not  only  insensitive  to  contaminants 
but  also  does  little  damage  to  the  ACFTD  particles. 

The  flow  meter  on  the  high  pressure  portion  of  the  system  was 
target-type.  A  rotameter  was  used  .on  the  low  pressure  side  of  the 
system.  The  shut-off  valves  and  three-way  valves  were  of  stainless 
steel  construction  to  resist  abrasion,  while  the  pressure  relief  valve 
had  been  tested  at  the  FPRC  and  was  known  to  be  very  contaminant 
tolerant. 
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To  ensure  that  a  constant  contaminant  gravimetric  level  could 
be  maintained  by  the  test  system,  qualification  tests  were  conducted 
in  accordance  with  Clause  11  of  the  Test  Procedure  of  Chapter  IV  with 
the  exception  that  a  gravimetric  level  of  250  mg/L  was  used  rather 
than  the  100' mg/L  specified  in  the  procedure.  This  was  done  because 
it  was  originally  proposed  to  test  the  valves  at  this  higher 
contaminant  concentration.  Unfortunately,  the  higher  level  caused 
some  long-term  damage  to  the  test  stand  components,  so  it  was  decided 
to  reduce  the  concentration. 

The  qualification  test  results  are  shown  in  Fig.  5-2.  The 
ability  of  the  stand  to  maintain  the  injected  level  for  at  least 
one  hour  is  clearly  shown. 

To  ensure  compatibility  with  fire  resistant  hydraulic  fluids, 
most  system  components  were  fabricated  of  stainless  steel.  Where 
elastomeric  seals  were  required,  Vi  ton  seals  were  specified. 

The  filter  elements  used  in  the  cleanup  circuit  have  a  Beta  10 
rating  of  greater  than  75. 

MAJOR  TEST  STAND  COMPONENTS  ' 

The  following  is  a  listing  of  the  major  components  used  in  the 
fabrication  of  the  valve  test  stand. 


TIME  ELAPSED  AFTER  INJECTION  (MIN) 
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Hydraulic  System 
.  Hydraulic  pump 

Dynex/Rivett  fixed  displacement  piston  pump  model  PF401 5-1 584 
.  Hydraulic  Pressure  Relief  Valve 

Vickers  Balanced  Piston  type  relief  valve  model  CG-03-H-20 
.  Heat  Exchangers 

Basco  two  pass  all  304  stainless  steel  model  04024 
.  Injection  Chamber 

Made  of  glass  tube 
.  Reservoir  , 

Conical  shape  with  diffuser  at  the  end  of  hydraulic  tubinq 
.  Charge  Pump 

Dayton  centrifugal  pump  and  electrical  motor  model  GK580 
.  Filter  Elements 

Hi 1 co  Model  PL-718-26 
Instrumentation 
.  Flowmeter 

Ramapo  target  type  model  Mark  V-Jg-SSB 
.  Rotameter 

;  Fischer  and  Porter  model  1 0A  1755S 
.  Differential  Pressure  Gauge 

Sensotec  Model  A-5 
.  Strain  Gauge  Amplifier 

Daytronic  Strain  Gage  Conditioner/ Indicator  Model  3278 
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Strain  Gauge  Amplifier 

Ramapo  digital  flow  indicator  Model  SGA-350  RMD 
.  Servovalve  Amplifier 

Thompson  Controls  Model  T6-R 
.  Low  Frequency  Oscillator 
Hewlett  Packard  Model  202  CR 
.  X-Y  Recorder  • 

Hewlett  Packard  Model  7046A 

TEST  CONTAMINANTS 

* 

Air  Cleaner  Fine  Test  Bust  (ACFTD)  was  selected  as  the  test 
contaminant.  This  contaminant  has  been  approved  both  nationally 
and  internationally  as  a  standard  for  contamination  control  tests. 

The  result  of  chemical  analysis  of  AC  Fine  Test  Dust  is  tabulated 
in  Table  5-1  for  different  size  ranges  with  the  raw  dust  reported 
by  the  manufacturer.  Mechanical  properties  of  the  test  contaminants 
are  listed  below: 

Density  =  2.66  X  10"^  kg/cm^  •  . 

Poisson's  Ratio  =  0.2 

Young's  Modulus  of  Elasticity  =  2.74  X  10^  MPa 

Contaminant  sensitivity  tests  on  servovalves  are  conducted  using 
lower  cut  classified  AC  Fine  Test  Dust  (zero  to  some  size  "D")  because 
of  the  resemblance  of  the  size  distribution  of  these  cuts  to  the  result 
of  downstream  particle  size  distribution  of  the  system  filter  associated 
with  the  standard  multipass  test. 
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CHAPTER  VI  -  TEST  PROCEDURE 

A  detailed  review  of  the  accomplishments,  reported  in  Refs.  [3],  [4], 
and  [5],  has  led  to  the  establishment  of  the  following  procedure  for  the 
assessment  of  servovalve  contaminant  sensitivity.  Maximum  contaminant 
size  injected  is  limited  to  20  to  30  ym  to  avoid  contaminant  clogging 
of  the  built-in  filters  which  was  experienced  by  Ref.  [3].  Further¬ 
more,  the  population  of  larger  particle  sizes  in  filtered  hydraulic 
systems  might  be  very  sparse.  This  fact  would  be  discerned  through  the 
Beta  Ten  filter  model.  Fig.  6.1.  This  steep  slope  indicates  a  small 
population  of  larger  particles.  Test  contaminant  size,  however,  should 

•t 

not  be  stipulated  at  a  single  size  range,  such  as  0-10  urn,  as  in  Ref. 

[5],  although  it  simplifies  che  test  time  and  effort  tremendously.  A 
drawback  of  the  procedure  of  Ref.  [5]  is  the  lack  of  capability  to 
demonstrate  the  sensitivity  of  servovalves  to  various  particle  size 
ranges.  As  discussed  in  Ch&pter  III,  the  spool -type  valves  which 
most  of  the  flow  control  servovalves  are  composed  of,  often  show  high 
contaminant  lock  sensitivity  to  particular  particle  size  ranges.  For 
example,  one  servovalve  might  not  be  sensitive  to  0-10  urn  lower  cut  size, 
or  its  hysteresis  might  not  increase  much  as  contaminant  concentration 
increases.  On  the  other  hand,  the  same  servovalve  might  show  a  very 
large  hysteresis  in  very  low  concentrations  of  0-20  ym  contaminant. 

As  stated  in  Ref.  [5]  and  discussed  in  Chapter  III,  large  particles 
are  much  more  destructive  on  components'  surfaces  than  'mailer  particles. 
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The  evaluation  technique  of  servovalve  contaminant  wear  sensitivity 
could  not  be  representative  without  the  effect  of  particle  impingement 
erosion  due  to  contaminants.  Therefore,  0-5  pm,  0-10  pm,  and  0-20  pm 
lower  cut  dust  are  chosen  to  be  standard  test  contaminant  for  servo¬ 
valves. 

The  detailed  test  method  is  presented  in  the  next  paragraphs.  The 
format  used  conforms  to  that  of  ISO  Standards. 

METHOD  OF  MEASURING  AND  REPORTING  THE  CONTAMINANT  • 

SENSITIVITY  OF  ELECTROHYDRAULIC  FLOW  CONTROL  SERVOVALVES 

1 .  Purpose 

* 

The  purpose  of  this  procedure  is  to  provide  a  uniform  test 
procedure  and  interpretation  technique  for  evaluating  the 
contaminant  sensitivity  of  servovalves. 

2.  Scope 

This  recommended  practice  applies  to  all  flow  control  servovalves 
which  regulate  flow  rate. 

3.  Terms  and  Definitions 

3.1  For  definition  of  terms  used,  see  Reference  [15.1]. 

3.2  Contaminant  injection  -  refers  to  the  act  of  introducing  classified 
test  contaminants  to  the  system  fluid. 

3.3  Cc,!!.aminant  concentration  -  denotes  the  contaminant  weight  per  unit 
volume  of  fluid. 

3.4  Contaminant  lock  sensitivity  -  the  susceptibiltiy  of  a  spoo1  type 
valve  to  the  presence  of  contaminant.  This  is  the  measure  of 
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silting  force  and  is  measured  in  terms  of  the  degradation  in 
hysteresis. 

3.5  Contaminant  wear  sensitivity  -  the  deterioration  in  a  spool 
control  orifice  to  the  presence  of  contaminant.  This  wear  is 
measured  in  terms  of  the  degradation  in  pressure  gain. 

3.6  Test  duration  -  the  amount  of  time  after  each  contaminant 
injection  in  which  the  test  valve  is  exposed  to  contaminated 
fluid. 

4.  Units 

The  International  Systems  of  Units  (SI)  is  used  here  in  accordance 

* 

with  Reference  [15.2], 

5.  Graphic  Symbols 

Graphic  symbols  used  herein  are  in  accordance  with  Refs.  [15.3] 
and  [15.4].  Where  [15.3]  and  [15.4]  are  not  in  agreement,  Reference 
[15.2]  governs. 

6.  Summary  of  Designated  Information 

Specify  the  following  information  on  all  requests  for  this  test: 

6.1  A  full  description  of  the  valve 

6.2  The  type  of  fluid 

6.3  The  fluid  temperature  if  different  from  Clause  7.1 

6.4  The  test  pressure 

6.5  The  test  flow  rate 

6.6  The  test  contaminant  if  different  from  Clause  7.3 

6.7  The  input  requirement 
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7.  Test  Condition 

7.1  Fluid  temperature  -  shall  be  43°  C  (110°F). 

7.2  System  volume  -  shall  be  numerically  equal  to  one  half  the  flow 
rate  of  the  pump  used  for  the  test. 

7.3  Test  contaminant  -  Classified  AC  Fine  Test  Dust,  0-5  ym,  0-10  ym, 

0-20  ym,  0-30  ym  which  are  produced  from  AC  Fine  Test  Dust  per 
Reference  [15.5]. 

7.4  Test  contaminant  concentration  -  50  mg/L  for  wear  test,  25  mg/L, 

50  mg/L,  and  100  mg/L  for  contaminant  lock  test. 

7.5  Test  Pressure  -  the  maximum  rated  valve  pressure  drop  for  the  test 
valve. 

7.6  Test  input  current  -  100  percent  of  input  requirement  for  contaminant 
lock  test.  Cyclic  input  of  1  Hz  with  50  percent  of  rated  input 
amplitude  for  contaminant  wear  test. 

'7.7  Initial  cleanliness  level  -  the  contaminant  concentration  level 
of  the  circulating  fluid  shall  be  less  than  10  mg/L. 

8.  Test  Condition  Accuracy 

Maintain  the  test  condition  accuracy  within  the  limits  shown  in 
Table  6.1. 
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Test  Condition 

Accuracy  + 

Flow 

n 

Pressure 

i% 

Input  Current 

2% 

Temperature 

2°C  (3.6°F) 

Contamination  Concentration 

10% 

Table  6.1  »•  Accuracy  Limits 


9;-  Letter  Symbols  . 

The  following  symbols  are  used  in  this  document: 

Ps:  Supply  Pressure 

Py:  Valve  Pressure  Drop 

I  :  Rated  Current 

r 

Kp:  Pressure  Gain 

T:  Fluid  Temperature 

Q1 :  Control  Flow 

10.  Test  Equipment 

10.1  Hydraulic  flow  source  insensitive  to  contaminant 

10.2  Cloan-up  filter  capable  of  achieving  the  initial  cleanliness 
level 


10.7  Relief  valve  to  maintain  constant  pressure  supply-  to  the  test 
valve. 

10.8..  Flow  meters  which  are  insensitive  to  contaminant 

10.9  Pressure  transducers 

10.10  Lines  connecting  hydraulic  components  sized  so  that  turbulent 
mixing  exists  throughout 

10.11  Injection  chamber  to  introduce  a  required  amount  of  contaminant 
into  the  test  system 

10.12  Test  circuit  as  shown  in  Fig.  6.2 

11.  Test  System  Qualifying  Procedure 

4 

11.1  Install  a  direct  connection  in  the  test  circuit  in  place  of  the 
test  valve. 

11.2  Adjust  system  volume  so  that  it  equals  45  percent  to  55  percent 
of  the  lowest  volumetric  flow  rate  per  minute  at  which  the  test 
system  is  intended  to  be  used. 

11.3  Circulate  the  fluid  through  the  system  filter  until  the  contam¬ 
inant  background  is  less  than  10  mg/L. 

11.4  By-pass  the  filter 

11.5  Add  unclassified  AC  Fine  Test  Dust  per  Reference  [15.6]  to  the 
fluid  to  bring  the  contaminant  concentration  to  100  mg/L. 

11.6  Inject  the  contaminant  of  Clause  11. 5' in  the  form  of  a  well- 
mixed  slurry  uniformly  over  a  period  of  one  minute. 

11.7  Operate  the  system  at  the  minimum  flow  rate  as  described  in 
Clause  11.2. 


TEST 

VALVE 


11.8  Extract  four  fluid  samples  from -the  system  per  Reference  [15.6] 
at  15  minute  intervals  from  the  completion  of  contaminant 
injection. 

11.9  Circulate  fluid  through  the  filter  until  the  contaminant  back¬ 
ground  is  less  than  10  mg/L. 

11.10  Measure  the  contaminant  concentration  level  of  each  sample'per 
Reference  [15.4]. 

11.11  Consider  the  system  qualified  for  testing  if  the  contaminant 
concentration  levels  of  Clause  11.10  are  within  +10  percent 
of  the  initial  requirement  of  Clause  11.5. 

4 

11.12  Repeat  this  qualification  procedure  when  any  modification  to 

the  flow  path  or  to  the  reservoir  is  made. 

12.  Test  Procedure 

12.1  Contaminant  lock  sensitivity 

12.1.1  Filter  the  fluid  until  the  contaminant  concentration  level  is 
less  than  10  mg/L  without  the  test  valve. 

12.1.2  Install  the  test  valve  into  the  test  circuit,  Fig.  6.2. 

12.1.3  Set  the  valve  pressure  drop  to  the  specified  level. 

12.1.4  Record  flow  curve  at  the  rated  valve  pressure  drop  per 
Reference  [15.1]. 

12.1.5  By-pass  system  filter 

12.1.6  Set  the  valve  pressure  drop  at  specified  value. 

12.1.7  Set  the  test  circuit  for  recording  flow  curve. 

12.1.8  Adjust  the  input  current  so  that  the  test  valve  is  set  at  null. 
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12.1.9  Prepare  a  slurry  of  classified  AC  Fine  Test  Dust  of  0-5  urn, 
which  will  bring  the  contaminant  concentration  level  of  the 
fluid  up  to  25  mg/L. 

12.1.10  Introduce  the  slurry  into  the  test  circuit  through  the  injection 
chamber  over  a  period  of  one  minute. 

12.1.11  Record  the  flow  curves  after  one  minute  of  stationary  time. 

12.1.12  Set  the  test  valve  at  null. 

12.1.13  Repeat  Clauses  12.1.12  and  12.1.13  three  times. 

11.1.14  Reduce  the  supply  pressure  to  the  lowest  level  to  prevent 
unnecessary  wear. 

* 

12.1.15  Filter  the  fluid  until  the  contaminant  concentration  level 
is  less  than  10  mg/L. 

12.1.16  Repeat  Clauses  12.1.3  and  12.1.16  for  contaminant  concentration 
levels,  50  mg/L  and  100  mg/L. 

12.1.17  Repeat  Clauses  12.1.3  through  12.1.17  for  contaminant  sizes, 
0-10  ymand  0-20  ym. 

12.2  Contaminant  wear  sensitivity 

12.2.1  Perform  Clauses  12,1.1  through  12.1.3. 

12.2.2  Record  pressure  gain  per  Reference  [15.1]. 

12.2.3  By-pass  system  filter. 

12.2.4  Set  the  valve  pressure  drop  at  specified  level. 

12.2.5  Apply  sinusoidal  input  current  whose  frequency  and  amplitude 
are  1  Hz  and  50  percent  of  rated  current,  respectively. 


12.2.6  Prepare  a  slurry  of  classified  AC  Fine  Test  Dust  of  Q~5.  ym, 
which  will  bring  the  contaminant  concentration  level  of  the 
fluid  up  to  50  mg/L. 

12.2.7  Introduce  the  slurry  into  the  test  circuit  through  injection 
chamber  over  a  period  of  one  minute. 

12.2.8  Allow  the  contaminant  to  circulate  through  the  test  valve  for 
a  period  of  30  minutes. 

12.2.9  Reduce  the  supply  pressure  down  to  the  minimum  level  as  well 
as  the  sinusoidal  current  input  to  zero  to  prevent  further 
wear. 

* 

12.2.10  Filter  the  fluid  until  the  contaminant  concentration  level  i.s 
less  than  10  mg/L. 

12.2.11  Record  pressure  gain  per  Reference  115.1], 

12.2.12  Repeat  Clauses  12,2.3  through  12.2,11  for  contaminant  sizes, 

0-10  ym  and  0-20  ym. 

13.  Data  Preparation 

13.1  Record  test  valve  identification  and  operating  conditions  for 
contaminant  lock  and  contaminant  wear  sensitivities  i;n  Tables 
6.2  and  6.3. 

13.2  Tabulate  test  data  in  Table  6.2.  Hysteresis  increase  i.s  averaged 
and  obtained  by  subtracting  the  hysteresis  in  clean  fluid  from 
that  in  controlled  contaminant  condition. 


Table  6.3  Contaminant  Wear  Sensitivity  Data  Sheet 

CONTAMINANT  WEAR  SENSITIVITY 


DATE  TESTED:  __ 
TEST  LOCATION:. 
SERVOVALVE: _ 


CONTAMINANT  ACTUAL  PRESSURE  PRESSURE  GAIN 


SIZE  (Mm) 


INITIAL 


0-5 


0-10 


0-20 


GAIN  UNIT: 


DEGRADATION  RATIO 


13.3  Tabulate  wear  test  data  in  Table  6.2.  The  pressure  gain  is 
measured  per  Reference  [15.1]. 

13.4  Plot  on  linear  coordinates  the  hysteresis  increase  versus  the 
respective  maximum  particle  size  from  the  data  tabulated  in 
Clause  13.2  (Example  Fig.  6,3). 

13.5  Plot  on  linear  coordinates  the  pressure  gain  versus  the 
respective  maximum  particle  size  from  the  data  tabulated  in 
Clause  13.3  (Example  Fig.  6.4). 

14.  Identification  Statement 

Use  the  following  statement  in  catalogs  and  sales  literature  when 
electing  to  comply  with  this  voluntary  standard:  "Contaminant 
sensitivity  obtained  in  accordance  with  ISO  Standard." 

15.  References 

15.1  Aerospace  Recommended  Practice  490. D 

15.2  International  Standard  Rules  for  the  Use  of  the  International 
System  of  Units  and  a  Selection  of  the  Decimal  Multiples  and 
Sub-Multiples  of  S.I.-  Units,  ISO/R,  1000,  1976. 

15.3  International  Standard  Graphic  Symbols  for  Hydraulic  and  Pneumati 
Equipment  and  Accessories  for  Fluid  Power  Transmission,  ISO/R, 
1219-1970.  Agrees  with  ANSI/Y32,  10-1967. 

15.4  American  National  Standard  Fluid  Power  Diagrams,  ANSI/Y14,  14-17- 
1966. 

15.5  Air  Cleaner  Test  Code  -  SAE  J726C 
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Fig.  6.4  Pressure  Gain  Degradation  Curve 


CHAPTER  VII  -  TEST  RESULTS 

Servovalve  contaminant  sensitivity  tests  were  conducted  on  three 
servovalves  from  different  manufacturers.  The  contaminant  lock  and 
contaminant  wear  t?ctr  were  performed  using  the  same  specimens,  Th.e 
contaminant  lock  test  was  conducted  first  in  each  case  because  of  the 
destructive  nature  of  the  wear  test.  The  specimens  were  designated  A? - 
B,  and  C. 

Some  changes  were  made  in  the  test  procedures  during  the  project 
in  an  effort  to  optimize  the  tests  in  terms  of  time,  effort,  and  accuracy. 
The  procedure  shown  in  the  previous  chapter  is  the  recommended  test. 

Specimen  A  was  exposed  for  3Q  minutes  to  25  mg/L  of  0-5  pm  lower 
cut  test  dust.  A  set  of  flow  curves  was  recorded  in  the  no  load 
condition  as  well  as  the  loaded  condition.  After  30  minutes  of  test,  the 
test  system  was  filtered  to  reduce  the  background  contaminant  level  to 
less  than  10  mg/L.  The  concentration  level  was  then  increased  to  50  mg/L 
and  100  Mg/L  with  the  same  cut  dust,  and  flow  curves  were  recorded  in 
the  same  manner.  The  test  pattern  was  repeated  for  0-10  pm,  0-20  im,  and 
G-30  urn.  At  100  mg/L  of  0-30  ym  dust,  hysteresis  was  excessive.,  and  the 
test  was  terminated. 

At  the  end  of  the  contaminant  lock  test,  this  specimen  showed 
excessive  null  shift;  and,  as  a  result,  the  flow  curve  became  asymmetric 
because  of  the  long  operation  time  in  contaminant  condition.  A 
contributing  factor  to  the  failure  of  this  valve  might  be  the  fact  that 
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the  control  current  was  zero  but  the  spool  was  not  at  null  while  the 
specimen  was  idled  for  one  minute  before  hysteresis  measurement.  This 
situation  was  avoided  or  compensated  in  subsequent  tests. 

The  wear  test  for  Specimen  A  was  performed  after  the  contaminant 
lock  test,  although  the  specimen  was  obviously  worn  out  because  a  new 
specimen  from  the  manufacturer  was  not  available.  The  concentration 
of  the  wear  test  was  kept  constant  at  50  mg/L  throughout  for  Specimen 
A.  The  test  procedure  introduced  in  Chapter  VI  was  followed. 

As  a  result  of  the  damage  done  to  Valve  A,  the  procedure  was 
improved  to  minimize  exposure  time  of  specimens  in  dirty  fluid  as  well 
as  to  set  the  spools  at  null  for  the  stationary  time  period. 

For  Specimen  B,  the  no  load  flow  curve  was  recorded  in  only  10 
minutes  in  dirty  fluid.  The  test  system  was  then  filtered  until  the 
background  concentration  level  was  reduced  to  less  than  10  mg/L.  At 
the  beginning  of  the  test,  Specimen  B  was  exposed  to  100  mg/L  of  0-5  um 
lower  cut  dust  for  30  minutes.  At  this  time.,  the  valve  pressure  drop 
was  varied  from  100  psi  to  2000  psi  and  then  to  3000  psi  to  see  the 
effect  of  supply  pressure  to  flow  curve.  The  hysteresis  was  recorded 
at  each  pressure.  After  cleaning  the  test  system,  the  contaminant 
injection  schedule  was  25,  50,  and  100  mg/L  of  each  of  three  particle 
size  ranges:  0-5,  0-10,  and  0-20  ym. 

The  wear  test  for  Specimen  B  was  conducted  in  exactly  the  same  way 
as  for  Specimen  A,  except  that  the  contaminant  concentration  level 


increased  to  100  mg/L  throughout. 
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Specimen  C  was  tested  for  contaminant  lock  sensitivity  using 
hysteresis  measured  from  the  pressure  gain  curve.  Maximum  hysteresis 
was  measured  from  the  curve  within  +  40  percent  of  the  valve  pressure 
drop.  For  example,  the  straight  line  of  pressure  gain  for  the  curve 
for  positive-to~negative  pressure  drop  was  first  drawn  per  SAE  ARP  490D. 
Similarly,  a  straight  line  for  negative-to-positive  valve  pressure  drop 
was  drawn.  The  hysteresis  was  defined  at  the  maximum  distance  between 
the  lines. 

The  contaminant  injection  schedule  for  Specimen  C  was  determined 
so  that  the  contaminant  exposure  time  of  the  specimen  was  further 
decreased  by  adding  the  contaminant  to  the  test  system  continuously. 
Initially,  25  mg/L  of  0-5  uni  dust  was  injected  and  hysteresis  was 
recorded.  After  10  minutes,  another  amount  of  contaminant  was  added 
to  raise  the  system  concentration  level  to  50  mg/L,  and  again  hysteresis 
was  recorded  for  10  minutes  of  test  time.  Additional  contaminant  was 
again  injected  to  raise  the  concentration  level  to  100  mg/L  for  the 
last  10  minutes  of  the  test.  Hysteresis  was  again  recorded.  This 
procedure  was  repeated  for  0-10  pm  and  0-20  urn  test  dust. 

The  wear  test  for  Specimen  C  was  conducted  at  the  same  condition  as 
for  Specimen  A. 

CONTAMINANT  LOCK  SENSITIVITY 

The  performance  degradation  due  to  contaminant  lock  was  determined 
from  the  hysteresis  increase  derived  from  flow  curves  when  the  servo¬ 
valves  were  cycled  between  positive  and  negative  rated  current  per  SAE 
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ARP  490D.  Maximum  hysteresis  values  were  measured  in  the  region  of 
i  20  percent  of  rated  current.  The  reason  is  because  the  performance 
around  null  is  critical  to  servo  systems  due  to  the  fact  that  servo¬ 
valves  in  position  control  systems  respond  in  the  null  region  most  of 
the  time.  The  measuring  capability  of  the  flowmeter  is  also  an 
important  factor.  A  flowmeter  was  used  to  record  flow  curves  and 
hysteresis  to  prevent  contaminant  settlement  which  might  occur  if  a 
cylinder  were  used  f^r  the  measurement.  The  flowmeter*  however,  has 
limited  accuracy  within  +  10  percent  of  maximum  measurable  flow  rate. 
PERFORMANCE  DEGRADATION  DUE  TO  CONTAMINANT  LOCK 

The  hysteresis  increase  for  each  injection  is  shown  on  the 
contaminant  lock  sensitivity  report  sheet  in  Tables  7.1  to  7.3.  These 
values  are  plotted  in  Fig.  7.1  to  7.3.  In  the  figures,  theoretical 
fitted  curves  were  overlaid  on  actual  data  points. 

THE  OMEGA  RATING  AND  FILTER  REQUIREMENT 

From  the  theoretical  curves,  contaminant  lock  coefficients,  X  and 
Y,  are  known.  Xe  and  Ye  in  the  Beta  10  filter  model  are  then  calculated 
from  Eq.  (4-4).  A  summary  of  calculations  of  coefficients  X  and  Y  is 
tabulated  in  Table  7.4.  The  lock  coefficients  of  Xe  and  Ye  are  substi¬ 
tuted  into  Eq.  (4-2)  to  produce  the  curves  showing  the  relationship 
between  the  Beta  10  filter  model  and  hysteresis  increase,  as  depicted  in 
Figs.  7.4  to  7.6.  Finally,  Omega  rating  values  for  the  servovalves 
tested  are  shown. 
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TABLE  7-2 

SERVOVALVE  CONTAMINANT  SENSITIVITY  TEST  RESULTS 
CONTAMINANT  LOCK  SENSITIVITY 

Date  Tested:  Test  Location: 

Servovalve:  B  No,:  2 

System  Volume: 


Valve  Pressure  Drop:  3000  psi  Test  Fluid: 

Rated  Flow:  7.5  gpm  Fluid  Viscosity: 

Temperature:  110°F  Type  of  Contaminant: 


50 
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CONTAMINANT  SIZE 

CONCENTRATION 

AVERAGE  HYSTERESIS 
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Hysteresis  Increase  of  Beta  Model-  for  Servovalve  I 


GRAVIMETRIC  LEVEL  mg/I  . 

teresis  Increase  of  Beta  Model  for  Servovalve 
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PERFORMANCE  DEGRADATION  DUE  TO  CONTAMINANT  LOCK 

The  hysteresis  increases  for  each  particle  size  injection 
plotted  in  Figs.  7.1  through  7.3  for  the  tested  valves.  The  fitted 
curves  were  obtained  by  calculating  the  least  square  errors  of 
Eq.  (4-2).  From  the  figures,  it  can  be  seen  that  Servovalve  "A" 
demonstrated  insensitivity  to  contaminant  size  0-20  pm;  whereas, 
the  other  servovalves  exhibited  large  hysteresis  width,  indicating 
significant  sensitivity  to  that  size  range. 

Figure  7.2  shows  that  Servovalve  B  was  sensitive  to  contaminants 
in  even  smaller  particle  size  ranges  and  low  gravimetric  levels, 

4 

although  the  gravimetric  level  did  not  significantly  affect  the 
valve  performance  of  Valve  B  for  smaller  particle  sizes.  Hysteresis 
increases  were  almost  constant  from  25  mg/L  to  100  mg/L  as  shown  in 
Fig.  7.2. 

Servovalve  C  showed  no  hysteresis  increase  for  0-5  pm  size 
contaminants  and  only  a  small  increase  for  0-10  pm  contaminants,  as 
shown  in  Fig.  7.3.  This  servovalve,  however,  was  very  sensitive  to 
the  0-20  pm  size  range.  Hysteresis  increased  up  to  15  percent  at  100  mg/L 
concentration.  Fortunately,  for  this  servovalve,  larger  contaminants 
might  not  be  a  problem  if  a  good  filter  is  provided  to  remove  the 
particles  which  are  greater  than  10  pin. 

CONTAMINANT  LOCK  OMEGA  RATING 

As  a  process  to  find  the  fitted  curves  to  data  points,  the 
coefficients,  Xi  and  Yi,  in  Eq.  (4-2)  were  calculated  and  are  tabulated 
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in  Table  7.1.  The  values  of  these  coefficients  and  the  contribution 
of  each  particle  size  interval  to  hysteresis  increase  are  calculated 
from  F.q.  (4-3).  These  valves  are  then  substituted  into  Eq.  (4-4) 
to  obtain  Xg  and  Yg  in  the  Beta  ten  filter  model. 

This  transformation  to  the  Beta  model  gives  the  relationship 
between  hysteresis  increase  and  gravimetric  level,  as  shown  in  Figs.  7.4 
to  7.6.  By  setting  the  specification  of  allowable  hysteresis  increase 
to  2.5  percent,  the  acceptable  gravimetric  values  for  each  of  the 
servovalves  can  be  found.  The  Omega  rating  values  are  then  found  from 
Fig.  4.1,  which  represents  the  gravimetric  level  vs  Beta-ten  values. 

The  Omega  ratings  for  the  valves  tested  are  shown  in  Table  7.5. 


servovalves 


atmg  Values 


Table  7.5.  Summary  of  Contaminant  Lock 
Omega  Rating 

To  obtain  specified  performance,  the  hydraulic  system  must  have 
filters  with  Beta  10  of  1.4  for  Servovalve  A,  6.0  for  B,  and  1.1  for  C. 
CONTAMINANT  WEAR 

Evaluations  on  contamination  wear  for  servovalves  were  conducted 
after  the  lock  sensitivity  test.  Sinusoidal  current  input  was  applied 
to  the  specimens  at  valve  pressure  drop  of  3000  psi  with  no  load.  Through 
out  the  test,  the  control  flow  rate  and  input  current  were  monitored 


by  a  digital  oscilloscope  to  control  excessive  null  shift,  although 
no  significant  null  shift  was  observed  during  the  wear  test. 

PERFORMANCE  DEGRADATION  DUE  TO  CONTAMINANT  WEAR 

Figure  7.7  represents  the  pressure  gain  degradation  for  three 
test  specimens..  The  gains  are  presented  in  the  figures  based  on  the 
reference  values  obtained  at  the  beginning  of  the  wear  test  or  after 
the  contaminant  lock  test.  It  was  observed  and  reconfirmed  from  .all 
the  specimens  that  servovalves'  control  orifices  are  quickly  worn 
off  by  contaminants.  The  susceptibility  of  the  servovalves  to  contam¬ 
inant  wear  can  be  easily  recognized  from  the  pressure  gain  degradation 
curves.  The  degradation  curve  for  Specimen  A  was  obtained  after  the 
contaminant  lock  test  (Fig.  7.7).  The  sharp  orifices  of  the  specimens 
were  probably  already  rounded  at  that  time.  It  is  likely,  therefore, 
that  a  new  valve  of  this  type  would  have  shown  an  even  higher  degradation 
slope  than  was  seen  with  this  used  valve. 

There  are  two  degradation  curves  for  Specimen  B  in  Fig.  7,7.  The 
solid  line  represents  experimental  data  for  a  100  mg/L  contaminant 
concentration.  For  comparison  with  other  data,  the  degradation  curve  was 
calculated  using  the  normalized  formula  explained  earlier  in  this  report. 
Thus,  the  dotted  line  predicts  the  degradation  curve  for  Specimen  B  under 
contaminant  concentration  of  50  mg/L.  It  is  seen  that  the  specimen 
demonstrated  excellent  performance  on  the  particle  size  interval  of 
0-5  um.  The  degradation  ratio  to  the  reference  value  is  0.996.  The 
variation  of  pressure  gain  of  this  specimen  is  shown  in  Fig.  7.8. 
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The  figure  shows  that  the  pressure  gain  initially  increased  to  a 
value  twice  as  large  as  the  value  wher.  the  specimen  was  new.  Then, 
it  dropped  to  approximately  60  percent  of  the  original  pressure  gain. 

No  explanation  can  be  offered  for  this  apparent  ambiguity. 

Figure  7.7  also  shows  the  pressure  gain  degradation  of  Specimen  C. 

As  with  the  other  specimens,  it  degraded  very  quickly*  By  the  end  of 
the  test,  its  value  dropped  to  30  percent  of  the  reference  pressure 
gain. 

OMEGA  RATING 

Based  on  the  pressure  gain  degradation,  servovalve  tolerance 

* 

profiles  for  1000  hour  life  were  calculated  according  to  tile  wear 
theory  discussed  in  previous  chapters.  The  calculation  was  accomplished 
using  a  computer.  The  pump  data  reduction  program  for  contamination 
sensitivity  has  beer,  modified  to  obtain  profiles  for  servovalves, 
since  main  structure  is  very  similar.  Allowable  pressure  gain 
degradation  was  set  at  20  percent  of  initial  pressure  gain.  If  a 
specification  did  allow  for  servovalves  to  degrade  by  (’say).  5Q  percent, 
then  the  degradation  allowance  could  be  set  at  50.  percent.  Then,  less 
efficiency  could  be  selected  to  obtain  1000  hour  life. 

Effect  of  the  particles  greater  than  20  urn  was  extrapolated 
from  the  experimental  data  of  0-5  urn,  0-10  um  and  0-20  vim.  Then,' 
these  experimental  data  and  extrapolated  data  (up  to  50  ym)  were 
provided  into  the  modified  data  reduction  program  to  obtain  the  profiles. 
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Servovalve  tolerance  profile  curves  are  drawn  on  the  contamination 
chart  with  a  Beta  ten  filter  model  which  is  approximated  by  straight  lines. 
Figure  7.9  shows  the  contaminant  wear  tolerance  profiles  for  Specimens  A, 

3,  and  C,  respectively. 

Omega  rating  values  for  the  specimens  can  be  found  from  the  chart. 

The  Omega  rating  value  is  obtained  from  the  point  that  the  profile 
curves  indicate  minimum  along  the  Beta  ten  curves.  For  example,  the 
Omega  rating  of  Specimen  A  in  Fig.  7.11  is  found  to  be  1700  because 
no  point  on  the  profile  goes  beyond  the  line  for  a  Beta  ten  of  1700. 
Similarly,  Omega  values  for^the  rest  of  the  specimens  can  be  easily 
obtained;  Omega  values  are  summarized  in  Table  7.6.  , 


Servovalves 

Omega  Rating 

A 

1700 

B 

140 

"it 

C 

1700 

Table  7.6. 

Summary  of  Contaminant  Wear 

Omega  Rating 

From  the  results  of  the  contaminant  wear  tests,  servovalves 
definitely  need  excellent  filters  to  keep  desired  performance  for  a 
specified  period  of  time.  There  is  one  order  of  magnitude  difference 
between  Servovalves  A  and  B  in  Omega  rating;  however,  there  is  really 
no  difference  in  selecting  filters  for  them.  Above  a  Beta  ten  of  75,  a 
minute  difference  in  particle  counts  makes  a  significant  change  in  the 


Beta  rating.  This  is  also  seen  from  the  efficiency  of  filters.  A 
Beta  ten  of  100  means  that  the  filter  has  99  percent  efficiency  to 
capture  particles  greater  than  10  ym.  A  filter  rated  at  Beta  ten 
of  1000  has  99.9 'percent  efficiency. 


CHAPTER  VIII  -  CONCLUSION'S  AND  RECOMMENDATIONS 
This  test  procedure  for  the  contaminant  sensitivity  for  servo¬ 
valves  was  established  after  review  of  previous  attempts  by  other  - 
organizations  to  evaluate  their  contaminant  sensitivity.  Two  different 
test  procedures  and  data  reduction  techniques  were  found  to  be  necessary 
to  evaluate  contaminant  lock  and  contaminant  wear  sensitivities.  The 
sensitivities  for  servovalves  are  represented  on  two  different  Omega 
rating  values.  Each  rating  value  not  only  provides  comparative  figures 
among  servovalves  but  also  represents  the  filter  requirements  to  achieve 
the  desired  performance.  There  could  also  be  indications  of  possible 
degree  of  catastrophic  and  degradation  failures. 

According  to  the  test  procedure  and  data  reduction  technique 
developed,  three  commercially  available  servovalves  were  evaluated 
.for  susceptibility  to  particulate  contaminants.  These  servovalves 
were  found  to  be  rather  tolerant  of  the  contaminant  induced  friction 
force  on  the  spools  which  gives  rise  to  contaminant  lock.  Consequently, 
the  contaminant  lock  Omega  values  for  the  test  servovalves  were 
relatively  low.  A  number  of  filters  available  in  the  market  could 
supply  sufficiently  clean  fluid  for  these  servovalves.  According 
to  filter  tests  conducted  at  the  FPRC  in  recent  years,  approximately  half 
the- filters  tested  are  better  than  Beta  ten  of  6,  the  level  required 
by  one  of  the  test  servovalves.  Therefore,  these  servovalves  are  as 
insensitive  to  contaminant  as  other  hydraulic  components  as  far  as 
contaminant  lock  is  concerned. 
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On  the  other  hand,  the  contaminant  wear  tests  showed  that  the 
test  servovalves  are  very  susceptible  to  contaminant  and  require  very 
good  filtration  to  fulfill  specifications.  Contaminant  particles 
impinging  on  control  orifices  at  high  speed  wore  off  the  sharpness  of 
the  orifice  corners  in  a  short  period  of  time.  This  not  only  changed 
the  servovalve  pressure  gain  but  also  increased  the  leakage  flow;  thus, 
it  might  be  very  critical  to  the  servosystems,  which  have  to  overcome 
very  strong  loads  with  little  compliance  or  which  have  limitation  on 
hydraulic  power  consumption. 

Pressure  gain  change  for  these  servovalves  tested  showed  excessive 
variation  i r.  90  minutes  of  operation  with  50  mg/L  contaminant  concen¬ 
tration.  After  the  end  of  the  wear  test  for  each  servovalve,  a  loss  of 
almost  70  percent  of  the  original  pressure-  gain  was  seen.  Since 
contaminant  concentration  is  also  a  measure  of  time  factor,  it  can  be 
projected  that  the  same  degradation  would  occur  in  900  minutes  (15  hours) 
with  a  5  mg/L  contamination  concentration  or  75  hours  at  1  mg/L.  Although 
this  calculation  is  too  simple  to  predict  total  life,  it  is  obvious 
that  present  day  servovalves  are  very  susceptible  to  contaminant  wear. 

It  would  be  worthwhile  to  mention  that  other  servovalve  parameters, 
such  as  flow  gain,  vary  at  the  same  time  that  pressure  gain  changes. 

Since  flow  gain  contributes  to  the  loop  gain  of  the  total  servo  system, 
severe  stability  problems  can  be  expected  when  flow  gain  varies. 


The  following  conclusions  can  be  drawn  from  the  work  done  during 
this  project: 

1.  No  previous  work  provided  a  satisfactory  technique  for 
evaluating  the  contaminant  sensitivity  of  servovalves. 

2.  The  testing  done  using  the  developed  procedure  indicates 
that  the  differences  in  the  contaminant  tolerance  of  different  servo¬ 
valves  can  be  readily  detected. 

3.  As  a  result  of  the  testing  done  using  the  procedures  developed 
during  this  project,  it  was  concluded  that  contaminant  wear  is  a  more 
severe  problem  than  contaminant  lock  in  servovalves. 

It  is  recommended  that  this  procedure  be  adopted  by  MERADCOM  for 
evaluating,  the  contaminant  sensitivity  of  servovalves  and  that  only  the 
most  tolerant  valves  be  utilized  in  military  systems. 
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CHAPTER  1  -  INTRODUCTION 


As  the  use  of  electrohydraulic  solenoid  valves  has  increased, 
the  need  for  a  reliable,  repeatable,  and  reproducible  test  procedure 
for  determining  the  sensitivity  of  such  valves  to  particulate  contaminants 
has  become  urgent.  Many  companies,  especially  those  involved  with 
government  procurement  contracts,  have  developed  their  own  proprietary 
tests  to  demonstrate  that  their  components  can  operate  under  certain 
contaminant  levels.  The  objective  of  the.  4  tests  has  been  specifically 
to  demonstrate  the  survivability  of  the  valves  under  a  specified  level, 
no',  to  determine  the  actual 'Sizes  and  concentrations  of  contaminant  to 
which  they  are  sensitive.  For  this  reason,  the  proprietary  tests  do  not 
provide  a  basis  for  comparing  the  contaminant  sensitivity  of  similar 
valves. 

The  absence  of  a  standardized  contaminant  sensitivity  test 
hampers  the  consumer  and  operator  in  several  ways.  Principal  among 
these  are: 

*  There  is  no  basis  for  comparing  valves. 

*  There  is  no  basis  for  determining  the  filtration  require¬ 
ments  for  a  specific  valve. 

The  work  discussed  in  this  report  has  resulted  in  the  development 
of  a  comprehensive  procedure  for  determining  the  contaminant  sensitivity 
of  solenoid  operated  hydraulic  valves.  The  procedure  results  in  the 


data  required  to  provide  a  figure  of  merit  for  rating  the  susceptibility 
of  solenoid  valves  to  both  wear  and  jamming  resulting  from  injections  of 
known  sizes  and  amounts  of  AC  Fine  Test  Dust. 

The  remainder  of  this  section  discusses  the  theory  of  solenoid 
valve  contaminant  sensitivity,  describes  the  test  stand  developed  for 
the  tests,  presents  the  test  procedure,  and  analyzes  the  test  results. 
Section  II  of  this  report  discusses  servovalve  contaminant  sensitivity 
in  the  same  way. 

The  objectives  of  the  project  which  is  the  subject  of  this  report 
include: 

1.  Develop  test  procedures  to  evaluate  the  contaminant  sensi¬ 
tivity  of  solenoid  valves. 

2.  Conduct  contaminant  sensitivity  tests  on  representative 
solenoid  valves. 

3.  Develop  interpretation  techniques  for  the  test  results  to 
determine  the  valve  contamination  protection  requirements. 
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CHAPTER  II  -  REVIEW  OF  PREVIOUS  STUDIES 

Through  the  extensive  research  work  at  the  FPRC,  it  has  been 
determined  that  there  are  two  major  failure  modes  in  hydraulic 
valves  due  .to  the  existence  of  particulate  contaminants  in  the 
fluid  of  the  hydraulic  system.  One  of  the  failure  modes  is  wear. 
Although  the  performance  degradation  by  wear  is  conspicuous  with 
valves  that  have  a  poppet  system  inside,  normally,  spool -housing 
type  valves  do  not  have  critical  failure  or  degradation  due  to 
wear.  With  spool -housing  type  valves,  wear  takes  place  in  the 
clearance  between  spool  and^ housing  and  at  the  entrance  edge  of  the 
clearance. 

The  progress  of  wear  is  rather  gradual;  therefore,  normally, 
another  failure  mode,  contaminant  lock,  is  a  much  more  obvious 
and  dangerous  failure  mode  among  spool -housing  type  valves. 

It  has  lon'g  been  known  that  directional  control  valves  with 
the  spool -housing  configuration  are  susceptible  to  contaminant  lock 
when  particulate  contaminants  exist  in  the  hydraulic  system  fluid. 
In  addition,  this  failure  mode  is  unpredictable;  and,  when  it  takes 
place,  it  often  leads  to  catastrophic  failure  because  of  sudden 
loss  of  control.  Moreover,  the  roughened  surface  in  the  clearance 
due  to  wear  can  cause  an  increase  in  friction  force,  which  results 
in  the  increased  probability  of  contaminant  lock  occurrence. 

There  are  three  criteria  previously  developed  at  the  FPRC  to 
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evaluate  the  contaminant  sensitivity  of  the  solenoid  valve  from 
experimental  data.  They  are: 

*  PRESSURE  RESPONSE  RATIO 

*  RESPONSE  TIME 

*  SILTING  FORCE 

To  determine  the  pressure  response  ratio,  the  output  pressure 
response  of  the  solenoid  valve  is  measured  while  the  valve  is  operated 
under  rated  conditions.  Output  pressure  response  is  the  pressure 
differential  between  the  upstream  pressure  level  before  and  after  the 
solenoid  valve  actuation. 

■» 

The  pressure  response  ratio  can  then  be  calculated  by  dividing 
the  output  pressure  response  when  operating  with  contaminant  fluid 
by  the  output  pressure  response  with  clean  fluid.  A  decrease  in  the 
pressure  response  ratio  indicates  there  is  less  pressure  drop  across 
a  valve  due  to  a  bypass  leakage  inside  the  valve.  Since  the  leakage 
is  caused  by  wear  inside  the  valve,  this  criterion  is  a  measure  of 
the  wear  inside  the  solenoid  valve. 

Response  time  is  the  lag  time  between  an  input  of  the  electrical 
signal  and  a  corresponding  change  in  output  pressure.  There  is  a  time 
delay  for  output  pressure  to  reach  a  new  output  level  after  the 
input  signal  (voltage  or  current  across  solenoid)  reaches  its  new 
level  and  actuates  the  spool  of  the  valve.  Under  contaminant  lock, 
response  is  slowed  and  may  even  become  infinite.  In  other  words,  the 
spool  shifts  slowly  or  fails  to  shift  at  all.  Therefore,  response  time 
is  a  measurable  criterion  of  contaminant  lock. 
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Silting  force  corresponds  to  the  additional  force  required  to 
shift  the  spool  due  to  the  existence  of  particulate  contaminants  in 
the  valve  clearances.  The  higher  the  silting  force,  the  more  severe 
the  degrees  of  contaminant  lock.  Therefore,  this  criterion  can  also 
be  used  to  measure  the  contaminant  sensitivity  of  solenoid  valves  in 
relation  to  contaminant  lock. 

With  regard  to  the  magnetic  field  effect  on  the  contaminant 

sensitivity  of  solenoid  valves,  in  preliminary  experimental  work  done 

at  the  FPRC,  the  contaminant  lock  mode  was  tested  under  silting  force 

measurement  criterion.  For  the  measurement  of  silting  force,  a  strain 

* 

gauge  type  force  transducer  was  used,  as  shown  in  Fig.  2.1.  Also, 

Fig.  2.1  shows  the  hydraulic  circuit  used  for  this  test.  The  solenoid 
valve  used  for  this  test  was  modified  to  accommodate  both  manual  and 
solenoid  operation.  ACFTD  was  injected  as  the  standard  contaminant. 

As  Fig.  2.2  shows,  under  the  valve's  magnetic  field,  there  is  an 
obvious  increase  in  silting  force  with  the  contaminant  size  of  5 
micrometres  or  above. 

Subsequently,  this  experiment  was  conducted  with  10Q  percent  ferrous 
contaminants-r carbonyl  iron  grade  E,  C,  and  L.  The  results  of  the  test 
are  shown  in  Fig.  2.3.  Again,  the  effect  of  magnetic  field  on  this 
solenoid  valve  contaminant  sensitivity  is  obvious. 

Through  this  early  experimental  activity  at  the  FPRC,  it  is 
assured  that  the  effect  of  a  magnetic  field  created  by  solenoids  is  an 
important  parameter  to  be  considered  for  the  establishment  of  a 
solenoid  valve  contaminant  sensitivity  rating  system,  In  addition, 
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CONTAMINANT  SIZE  INJECTED  (pm) 

Gravimetric  Level  25  mg/L  (constant.) 
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it  was  demonstrated  that  the  silting  force  measurement  is  a  prospective 
criterion  for  a  solenoid  valve  contaminant  sensitivity  rating  system. 
THEORETICAL  DEVELOPMENT 

The  theory  of  contaminant  lock  in  solenoid  valves  was  developed 
using  the  constant  pressure  filtration  theory.  The  final  equation 
which  describes  the  nature  of  silting  force  contaminant  lock  is  shown 
below  (see  Fig.  2.4): 

^  -  •'  <■ '  ■  u...  .7  ; 

» 

where  F  =  silting  (contaminant  lock)  force 
and  X,  Y  =  valve  parameters 

This  equation  indicates  that  silting  force  is  a  function  of 
valve  geometry  (X  parameter)  and  the  hydraulic  system  condition 
plus  the  nature  of  contaminants  (Y  parameter). 

The  effect  of  the  X  parameter  on  silting  force  is  described  in 
Fig.  2.5  (a).  As  the  X  parameter  increases,  the  maximum  limit  silting 
force  increases.  Thus,  an  increase  in  the  diameter  of  the  spool  or 
spool  length  causes  the  X  parameter  to  increase  and  results  in  higher 
maximum  silting  force.  On  the  other  hand,  an  increase  in  pressure, 
contamination  level,  and  time  allowed  for  contaminants  to  deposit  in 
the  clearances,  or  a  decrease  in  viscosity  will  result  in  an  increase 
in  the  Y  parameter.  Conversely,  an  increase  in  the  Y  parameter  causes 
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CHAPTER  III  -  DEVELOPMENT  OF  THE  SOLENOID  VALVE  OMEGA  RATING 


It  is  desirable  to  define  the  contaminant  sensitivity  of  solenoid 

/ 

valves  by  a  single  figure  of  merit  -  termed  the  Omega  Rating  -  in  much 
the  same  manner  as  has  been  done  previously  for  pumps,  hydraulic  motors, 
and  other  types  of  valves. 

The  Omega  Rating  value  is  defined  as  the  Beta  10  filter  required 
to  ensure  that  the  contaminant  silting  force  of  the  valve  will  be  less 
than  0.5  Ibf  after  a  one-minute  stationary  time  interval  when  the 
contaminant  ingression  rate  into  the  system  is  10^  particles  10  um  or 
larger  per  minute. 

■* 

Based  on  this  108  ingression.  Fig.  3.1(a)  indicates  the  particle 
size  distribution  that  would  occur  downstream  of  filters  with  the 
indicated  Beta  10  ratings.  To  determine  the  Omega  rating  of  a  solenoid 
valve,  the  relationship  between  the  silting  force  equation,  Eq.  2.1(a), 
and  these  particle  distribution  profiles  must  be  established.  To 
simplify  this  relationship,  all  Beta  10  profiles  were  assumed  to  be 
parallel  to  the  Beta  10  of  2  and  10  profiles.  This  is,  in  fact,  a 
reasonable  step,  due  to  the  fact  that  most  filters  tested  at  the  FPRC 
over  the  past  ten  years- have  Beta  10  ratings  between  those  two  values. 
Additionally,  the  shifting  of  the  profiles,  as  shown  in  Fig.  3.1(b), 
bases  the  distribution  toward  a  higher  number  of  particles  in  the 
range  spool  type  valves  are  sensitive,  Fig.  3-2,  and  therefore  makes  any 
analysis  based  on  those  distributions  somewhat  conservative. 
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Based  on  this  converted  or  shifted  profile,  each  solenoid  valve 
will  have  its  own  characteristic  curve  based  on  the  silting  force 
equation,  as  shown  in  Fig.  3.3.  When  the  other  parameters  of  Gg  are 
set  constant,  there  is  a  one-to-one  relationship  between  the  silting 
force,  F,  and  the  reference  gravimetric  level,  Gg.  This  gravimetric 
level  can  be  converted  directly  to  its  corresponding  Beta  10  value, 
as  shown  in  Fig.  3.3.  This,  then,  is  the  relationship  between  the 
filter  rating  and  contaminant  sensitivity  of  the  solenoid  valve. 

Unfortunately,  there  is  no  standard  contaminant  with  the  particle 
size  distribution  corresponding  to  the  Beta  10  =  2  profile.  Therefore, 

4 

it  is  necessary  to  test  the  valves  with  standard  ACFTD,  to  convert  the 
results  to  correspond  to  the  desired  profile.  To  accomplish  the 
conversion  to  the  Beta  10  profile,  the  distribution  for  Beta  10=2 
was  analyzed.  Table  3.1.  Based  on  this  analysis,  the  percentages  of 
particles  in  the  various,  size  ranges  .can  be  combined  to  give  the 
following  relationships: 

Xt~  0fiM  J  /»->.  (3-1 ) 

I,  *  0M‘>  (3.2 ) 

It  is  possible  to  separate  ACFTD  into  the  0-5,  5-1 Q,  10r2Q,  etc., 
fractions;  however,  the  distributions  achieved  vary  significantly  from 
laboratory  to  laboratory.  Therefore,  while  using  these  double-cut 
fractions  for  testing  appears  attractive  on  the  surface,  it  is  likely 
that  the  test  results  would  not  be  satisfactorily  repeatable.  On  the 
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Table  3.1  Particle  Size  Distribution  of  Converted  Beta  Ten  Profile 


INDICATED  SIZE  (|im) 

NUMBER  OF  PARTICLES 
GREATER  THAN  INDICATED  SIZE 

1 

1.4  x  106 

5 

5  x  104 

f. 

10 

1.5  x  103 

20 

1.2  x  10 

ASSUMED  TOTAL  NUMBER  OF  PARTICLES  FOR 
3=2  IS  1.4  x  106 


INTERVAL 


5-10 


10-20 


NUMBER  OF 
PARTICLES  IN  THE 
INTERVAL  (Ni) 


1.35  x  106 


4.85  x  104 


1.49  x  103 


PERCENTAGE 
N:/Nt  x  100 


other  hand,  single-cut  fractions  of  ACFTD  have  been  thoroughly 
analyzed,  and  they  are  known  to  display  the  distributions  shown  in 
Table  3.2.  Using  this  table,  the  following  equations  can  be  postulated: 


r  Xo-9 

(3-3a) 

X„-,. 

=  0/142  x0_5  +  <9.2  «,s  y«,.,a 

(3-3b) 

Xo  jo 

-  *  <90  31 

(3-3c) 

To-5 

•  V5 

(3-4a) 

Vk 

-  0.n4ZLYo.?  *  o.^SYs-.o 

(3-4b) 

To -3. 

4-  °'2i1  'U 

(3-4c) 

By  using  Eqs.  3-1  through  3-4,  the  silting  force  test  results 
from  ACFTD  can  be  converted  into  the  modified  Beta  10  profile  test 
result.  Consequently,  the  Omega  rating  .of  a  solenoid  valve  can  be 
found.  The  algorithm  for  this  conversion  is  shown  in  Fig.  3.4. 

TEST  RESULT  PRESENTATION:  OMEGA  RATING 

The  whole  test  result  must  be  finalized  into  silting  force  vs. 
pressure  difference.  The  use  of  tables  such  as  Table  3.3  is  helpful. 
Note  that  the  silting  force  is  found  by  subtracting  initial  friction 
force  (measured  force  under  clean  fluid)  from  the  measured  force  under 
contaminated  fluid. 

Having  those  experimental  data,  X  and  Y  parameters  can  be  found 
through  the  co.  jter  program  presented  below.  First,  its  theory  of 
numerical  analysis  is  shown;  then,  the  developed  computer  program  based 
upon  the  theory  is  shown  next. 
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The  equation  mentioned  in  £q,  (2-1 )  can  be  written  as 

F  =  *  ( 1  -  -===) 

.  ...  „ 


C3-5 ) 


(.3-6 ) 


F;  '  v  C‘~  ?;  )  v 

This  is  a  linear  graph  with  a'constant  slope  of  -X.  Set  Pi 


(3-7  ) 


arbitrary  to  get  Fi  (i  is  used  for  later  summation  equation): 

A 

.  e  *  -  *  £ 

The  deviation  (or  error)  e  from  the  actual  data  is  : 

4 

A 

*  *  *  $ 

Let  the  summation  of  total  deviation  of  square  be: 

E-i<; 

Finding  the  minimum  error  point  in  terms  of  X,  l-  =  0. 

.  3x 


(3-8) 


(3-9) 


(3-10) 


This  results  in 


ZTx  -  Z  *v 1- 
Z  t,-  *  —  2  2  £•-+  n 


(3-11) 


This  X  can  be  found  through  the  ration  process  of  the  value  of 
Pi  to  minimize  E,  error. 

Once  X  has  been  found,  corresponding  pi  is  found.  However,  Pi  i.s  a 
function  of  (YG)  (Eq.  3-6);  thus,  YG  is  found.  Since  back  parameters 
of  X  and  YG  of  Eq.  (3-5)  are  set,  only  two  unknowns,  aP  and  F,  remain. 

If  AP  is  set  to  a  certain  pressure,  then  corresponding  silting  force 
F  can  be  calculated. 
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The  hard  copy  of  the  computer  program  and  its  algorithm  are  shown  . 
in  Figs.  3-5  and  3-6.  For  the  purpose  of  Qmegatizing  solenoid  valves, 
the  relationship  of  silting  force  versus  gravimetric  level  has  to  be 
determined.  With  the  use  of  the  computer  program  in  Fig.  3.6  on  the 
experimental  data  of  silting  force  (F)  versus  pressure  difference  (AP), 
the  constant  of  X  and  YG  can  be  found.  Note  that  YG  is  constant  because 
the  gravimetric  level  of  the  system  was  set  constant  through  the  whole 
experiment  except  tests  with  clean  fluid. 

Using  the  known  value  of  YG,  it  is  possible  to  find  Y  only  by 
dividing  YG  with  a  constant  G.  In  addition,  if  the  pressure  difference 
aP  is  set  constant  at  rated  pressure,  the  choice  of  rated  pressure  was 
decided  to  have  a  fair  evaluation  of  each  valvels  contaminant  sensitivity; 
e.g.,  it's  not  reasonable  to  evaluate  contaminant  sensitivity  of  the 
valve  designed  for  10,000  psi  with  500Q  psi ;  and,  multiplied  by  Y,  this 
will  give  another  constant  YaP,  Hence,  using  the  two  constants  X  and 
YaP  and  letting  G  be  variable,  the  next  equation  can  be  derived: 


Fig.  3.5  Solenoid  Omega  Computer  Algorithm 


L 

00010  C 
00020  C 
00030  C 
00040  C 
00050  C 
00060  C 
00070  C 
00080  C 
00090  C 
00100  C 
00110  C 

.00120  e 

00130. C 
00140  C 
00 a 50  C 
00160  C 
00170  C 
00180  C 
00190  C 

1  00200  C 

;  00210  C 

00220  C 
00230  C 
00240  C 

■  00250  C 

00260 
00270 
00280 
00290  C 

•  00300  C 
00310 
00320 
00330 
00340 
00360  C 
00370 
00380 

’  00390  C 

00400 
00410 
00420 
00430 
00440  C 
00450 
00460 
00470 

.  00480 

•  00490  C 
00500 
00510 
00520 
00530  C 
00540 
00550 
00560  C 
00570  C 
00580  C 
00590 
00600 
00610 
00620  C 
00630  C 
00640  C 


Fiq.  J.b  Proqra*  uslinu  of  Soieim.u  iih'iho* 

THIS  PROGRAM  IS  TO  FIT  THE  THEORETICAL  CURVE  TO  GIVEN 
DATA  POINTS 
LIST  OF  VARIABLES 

K  -  NUMBER  OF  DATA  GIVEN 
F  -  ARRAY  OF  SILTINGFORCE  DATA 
G  -  ARRAY  OF  PRESSURE  DIFFERENCE  DA f A 
P  -  ARRAY  CALUCULATED  FROM  THE  VALUE  OF  Y 
X  -  CONSTANT  OF  THEORETICAL  EQUATION 
Y  -  CONSTANT  OF  THEORETICAL  EQUATION 
E  -  ERROR y FUNCTION  OF  Y 

STORED  VARIABLES  FOR  COMPARISON  TO  FIND  THE  MINIMUM 
ERROR  CORRESPONDING  Y 
Y1 
Y2 
Y3 
El 
E2 
E3 

IN  ~  READ  INPUT 
LP  -  LINE  PRINTER 

FF  -  SILTING  FORCE  FOUND  BY  THEORETICAL  EQUATION 
GG  -  PRESSURE  DIFFERENCE  SET  TO  FIND  SILTING  FORCE  i 
USING  THEORETICAL  EQUATION 

SUBPROGRAM  USED  --  PROG 

DIMENSION  P< 10) yF(10) *FP< 10) yPS< 10) yG<10) yBF<10> 

COMMON  X  y  E  y  E2  y  S3  y  Y 1 y  Y2  y  Y3 
DATA  IN  y LP/5  y 6/ 

READ  DATA  POINTS  OF  SILTING  FORCE  AND  PRESSURE  DIFFERENCE 
WRITE (LP»5) 

5  FORMAT (/5Xr 'FIRST  INPUT  NUMBER  OF  DATA  YOU  HAVE y THEN  PUNCH  IN' 
$  /4X> 'PRESSURE  DIFFERENCE  8  SILTING  FORCE  RESPECTIVELY ' > 

READ<IN»*)K»CG<I>»F<I)rI  ~  ly|<> 

SET  THE  INITIAL  INCREMENT  OF  Y  AND  INITIAL  NUMBER  OF  Y 
D  ™  *00.001 

Y  -  .00001 

INITIALIZE  STORAGE  SPACE  OF  Y  AND  E 
Y2  n  O.o 
■Y3  “  0.0 
E2  ~  0.0 
E3  ”  0*0 

FILL  THE  STORAGE  SPACE  OF  Y  AND  E 
DO  20  I  "  1 r  3 

CALL  PROG ( P  r  F  y FP  r PS y  6 y BF r D r Y  t K ) 

Y  =  Y  +  D 
20  CONTINUE 

CHECK  TO  SEE  IF  ERROR  E  IS  MINIMUM 
30  CALL  PROG <  P  y F  y  FP y PS  y G y  BF y D y  Y  y  K ) 

. IF(E3*EQ.E2)  GO  TO  55 
IF (E3.GT *E2)  GO  TO  50 
ERROR  IS  NOT  MINIMUM 

Y  =  Y  +  D 
GO  TO  30 

ERROR  E  PASSED  MINIMUM  POINT  y SET  BACK  Y  CORRESPONDING 
BEFORE  MINIMUM  E  y  AND  START  Y  BY  ONE  TENTH  OF  PREVIOUS 
INCREMENT  D 
50  D  =  ( Y3  -YD/10. 

Y  =  Y1  f  D 
GO  TO  30 

PRINT  THE  HEADINGS  OF  DATA  TABLE 

*  NUMBER  OF  DATA  GIVEN 

*  DATA  POINTS  OF  PRESSURE  DIFFERENCE  AND  SILTING 
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00670 
00680 
00690 
00700 
00710  C 
00720 
00730 
00740 
00750 
00760  C 
00770 
00780 
00790 
00800  C 
00810  C 
00820 
00830 
00840 
00850 
00860  C 
00870 
00880 
00890 
00900 
00910 
00920  C 
00930 
00940 
00950 
00960 
00970 
00980  C 
00990  C 
01000  C 
01010  C 
01020  C 
01030  C 
01040  C 
01050  C 
01060  C 
01070  C 
01080  C 
01090  C 
01100  C 

oiiio  c 
01120  C 
01130 
01140 
01150 
01160  C 
01170 
01180 
01190 
01200 
01210 
01220 
01230 
01240 
01250 
01260 
01270 
•  01280 
01290 
01300 
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IMBP.R  OF  DA  I A  GIVEN  '*12) 


DIFFERENCE  <PSI) ' t 5X> 


y.  y  -v— V 

60  FORMAT  (/ll‘x» 

'  WRITE (LP *70) 

70  FORMAT ( /2Xr ' DATA ' t 6X t ' PRESSURE 
$  '  SILTING  FORCE  (I.B)') 

PRINT  THE  GIVEN  DATA  POINTS 
DO  85  I  ~  i»K 
WRITE ( LP *80)1*6(1)* F ( I ) 

80  FORMAT ( '  ' 1 3X *  1 1  * 13X  * F6 .1*1 9X  *  F9 . 4 ) 

83  CONTINUE 

PRINT  THE  CONST  ANTS  OF  THEORETICAL  EQUATION  AND  ERROR 
90  WRITE (LP* 100>X» Y »E 

1 00  FORMAT ( /3X  r ' X  IS  ' »F:ll .7*5X» '  YG  IS  ' * F 1 1 «  7 * 5X * 

$  'ERROR  IS  DFll.7*//) 

PRINT  THE  HEADINGS  FOR  THE  RESULTS  CALUCtJLATED  FROM 
THEORETICAL  EQUATION 
WRITE (LP* 110) 

110  FORMAT <//5Xr 'RESULT  OF  THEORETICAL  EQUATION'* 

$  //4X *.'*'»  7X  * ' PRESSURE  DIFFERENCE  (PSD  '* 

$  5X» 'SILTING  FORCE  (LB)') 

INITIALIZE  GRAVIMETRIC  LEVEL  GG  AND  SILTING  FORCE  FF 
GG  =0*0 
FF  =  0*0 
DO  130  I  a  1  *  30 
GG  *  GG  +  100. 

FF  =  x  *  (1.  ~  1 » /SORT ( Y  *  GG  +  1*>) 

PRINT  THE  RESULT  OF  THEORETICAL  EQUATION  FOUND 
WRITE (LP»  140)  DGG>FF 
140  FORMAT  ('  '* 2X * 12*  13X  *  F6  ♦  1  *  1.9X  *  F9  ♦  4  ) 

130  CONTINUE 
STOP 
END 

SUBROUTINE  TO  FIND  ERROR  E  CORRESPONDING 


HAS  THE  SAME  FORM  AS  IN 


LIST  OF  VARIABLES 

VALUE  USED  IN  SUBROUTINE- 
MAIN  ROUTINE 

FP  ~  F  TIMES  P 
PS  ~  P  SQUARED 
SF  -  SUM  OF  F 
SP  ~  SUM  OF  P 
SFP  -  SUM  OF  FP 
SPS  -  SUM  OF  PS 

X  -  CONSTANT  SOUGHT  FOR  THEORETICAL  EQUATION 
BF  ~  SILTING  FORCE  CALUCULATED  THROUGH  Y 
E  •-  ERROR 

SUBROUT I NE  PROG ( P  * F  * FP * PS  * G r BF * D  * Y  * K ) 

D I MENS I ON  P ( K ) *  F ( K ) * FP ( K ) t PS ( K  > » G  <  K ) *  BF  <  K  > 

COMMON  X  * E * E2 * E3 * Y 1  * Y2 * Y3 
INITIALIZE  VARIABLES 
SF  ==  0.0 
SFP  a  ()*() 

SPS  a  0.0 
SP  a  0.0 
E  a  0.0 
DO  1  I  a  1 r  K 

PCD  a  1  ./SORT  ( Y  t  G(D  +  1.) 

FP ( I )  a  F ( I )  *  PCD 
PS  (I)  =  p<D##2 
OF  *  SF  FCD 
SP  =- SP  +  P ( I ) 

SFP  a  SFP  +  FP ( I ) 

SPS  =  SPS  ■!■  PS  (I) 

1  CONTINUE 


This  equation  shows  the  relationship  of  silting  force  and  gravi¬ 
metric  levels.  If  we  denote  YaP  as  just  aY,  since  it  is  a  constant, 
the  equatidn  becomes: 
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This  is  the  same  equation  as  in  Eq,  02-1  ('all.  Summarizing  the 
process  to  Omegatize  a  solenoid  valve,  first  from  the  experimental 
data,  parameters  X  and  YG  in  Eq,  05).  are  found.  Secondly,  those 
parameters  can  be  converted  into  Eq.  (.2-1  (’all  form*  and  parameters 
Xo-5,  Xo-10,  Xo-20,  Yo-5,  Yo-10,  and  Yo*2Q  can  be  found.  Finally, 
through  the  process  in  Fig.  3,4,  the  solenoid  valve  tested  can  be 
"Omegatized". 

To  ease  the  process  of  assigning  an  Omega  value  to  the  valve, 

Tables  3.4,  3.5,  and  Figs,  3.6  and  3.7  were  developed.  The  multi,  f actor 
of  Table  3. 6  . was  found  by  solving  Eqs.  OH  through.  06)..  for  Xg 

and  Yg,  The  equation  in  Fig.  3.6  was  derived  from  Eq.  0.2-1  (.all  by 
solving  for  G.  After  Gg  is  found,  which  corresponds  to  0.5  1 bf  using 
Fig.  3.7,  it  is  possible  to  find  the  Omega  rating  of  the  tested  solenoid 
valve. 
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Table  3.5  Solenoid  Valve  Omega  Rating  Test  Work  Sheet 


.  PARTICLE 
SIZE 

INTERVAL 

*i 

PARAMETER 

MULTI¬ 

FACTOR 

CONTRIBUTION 
OF  X|  TO  Xp 

0-5 

X 

_ L 

0.8633  = 
_ 1 

• 

0-10 

1  1 

X  0.1231  = 

|  I 

0-20 

■  1.351  ‘  j. 

?  X  10-2  T 

• 

V®+@+®= 

PARTICLE 

SIZE 

INTERVAL 

Yi 

PARAMETER 

MULTI¬ 

FACTOR 

CONTRIBUTION 
OF  Xj  TO  Xp 

0-5 

<  0.8633 

l _ 

I _ 

0-10 

l  I 

<  0.1231  “ 

l_ - 1 - 

S)  ©  ®  ®  0 


Table  3.6  Solenoid  Valve  Omega  Rating  Report  Form 


®OMEGA  RATING  OF 


SILTING  FORCE,  F  - ►  GRAVIMETRIC  LEVEL,  Gp 


Xp= 

YP  = 

Fp  =  0.5  Ibf  of  silting  force 


OMEGA  RATING  OF  THE  VALVE  IS 


REFERENCE  GRAVIMETRIC  LEVEL  (mg/L) 
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CHAPTER  IV  -  TEST  PROCEDURE 

The  test  procedure  presented  in  this  chapter  is  designed  to 
provide  a  complete  set  of  data  with  which  to  describe  the  contamirbnt 
sensitivity  of  solenoid  valves.  The  procedure  is  presented  in  a 
format  that  would  be  suitable  for  presentation  to  a  standards 
committee  of  the  Society  of  Automotive  Engineers. 

1 .  Purpose 

To  provide  a  uniform  procedure  for  evaluating  the  contaminant  ~ 
sensitivity  of  fluid  power  solenoid  valves. 

2.  Scope 

*  4 

This  recommended  practice  applies  to  all  hydraulic  solenoid 
valves  which  control  directions  of  fluid  flow. 

3.  Terms  &  Definitions 

3.1  Test  flow  -  any  steady  flow  rate  required  to  achieve  the 
designated  pressure  drop  across  ports  of  interest. 

,3.2  Test  pressure  -  the  pressure  drop  across  ports  of  interest* 

3.3  Maximum  rated  flow  -  the  maximum  amount  of  fluid  can  be 
directed  by  the  solenoid  valve  as  specified  by  the 
manufacturer. 

3.4  Maximum  rated  pressure  -  the  maximum  pressure  at  the  supply 
port  as  specified  by  the  manufacturer. 

3.5  Center  to  side  shift  -  energizing  solenoid  to  shift  the 
spool  of  a  valve  from  the  center  position  to  the  side. 


3.6  Side  to  center  shift  -  de-energizing  .solenoid  to  shift 
the  spool  of  a  valve  from  the  side  to  the  center. 

3.7  Rated  voltage  -  maximum  voltage  and  its  phase  of  application 
as  specified  by  the  manufacturer. 

4.  Units 

4.1  The  International  System  of  Units  (SI)  is  used  herein  in 
accordance  with  Reference  paragraph  [14.5]. 

5.  Graphic  Symbols 

Graphic  symbols  used  herein  are  in  accordance  with  Reference. 

paragraphs  [15.2]  and  [15.3];  Where  References  [15.2]  arid  [15.3] 

are  not  in  agreement.  Reference  [15.2]  governs. 

6.  Summary  of  Designated  Information 

6.1  Specify  the  following  information  on  all  requests  for  this 
test. 

6.1.1  A  full  description  of  the  valve.. 

6.1. .2  The  type  of  fluid 

6.1.3  The  fluid  temperature  if  different  from  (7.1) 

6.1.4  The  test  pressure 

6.1.5  The  test  flow  rate 

6.1.6  The  test  contaminant 

7.  Test  Condition 

7.1  Fluid  temperature  -  shall  be  4(fc  (104?F) 

7.2  System  Volume  -  shall  be  numerically  equal  to  one-half  the 
maximum  rate  flow  per  minute  of  the  test  valve  as 
recommended  by  manufacturers. 


* 
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7.3  Test  Contaminant  -  classified  AC  Fine  Test  Dust,  0-5  ym 
and  0-20  vim,  which  are  produced  from  AC  Fine  Test  Dust  per 
Reference  [14.6]. 

7.4  Test  Contaminant  -  concentration  -  100  mg/L. 

7.5  Test  Pressure  -  4  different  pressure  differences  acyo-ss  the 
valve  for  each  shift  to  the  spool. 

7.5.1  For  the  center-to-side  shift  case,  the  pressure 
difference  of  supply  pressure  port  and  return  line 
port  is  measured. 

7.5.2  The  differential  pressures  are  chosen  at  equal 
intervals  without  exceeding  the. maximum  rated  pressure 
at  the  supply  port;  e.g.,  using  4500  psi  maximum  rated 
pressure  valve: 

First  differential  pressure  is  4000  psi. 

Second  differential  pressure  is  3000  psi. 

Third  differential  pressure  is  2000  psi. 

Fourth  differential  pressure  is  1000  psi. 

7.5.3  For  side-to-center  shift  case,  the  pressure  difference 
of  a  control  and  the  other. 

7.5.4  Choice  of  each  differential  pressure  i.s  the  same 
as  in  7.5.2. 

7.6  Initial  cleanliness  level  the  contaminant  concentration  level 
of  the  circulating  fluid  shall  be  less  than  10  mg/L. 
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8.  Test  Condition  Accuracy 

Maintain  the  test  condition  accuracy  within  the  limits  shown  in 

Table  4.1. 

9.  Letter  Symbol 

The  following  symbols  are  used  in  the  document: 

C+S  -  energizing  solenoid  from  de-energized  state  to  shift 

the- spool  of  the  solenoid  valve  from  the  center  position 
to  a  side. 

S+C  -  de-energizing  solenoid  from  energized  state  to  shift  the 
spool  of  the  solenoid  valve  from  the  side  position  to  the 
center. 

10:  Test  Equipment 

10.1  Hydraulic  flow  source  insensitive  to  contaminant. 

10.2  Clean-up  filter  capable  of  achieving  the  initial 
cleanliness  level. 

10.3  Heat  exchanger  which  does  not  act  as  a  contaminant  trap. 

10.4  Reservoir  with  a  conical  shaped  bottom. 

10.5  Flow  diffuser  at  the  point  where  the  main  return  line 
empties  into  the.  reservoir. 

10.6  Four^way  valve  to  by-pass  system  filter  during  contaminant 
injection  periods. 

10.7  Needle  valve  to  direct  all  flow  through  the  test  valve. 

10.8  Flow  measuring  device  which  is  insensitive  to  contaminant. 

10.9  Pressure  sensing  device. 
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TABLE  4.1 


TEST  CONDITION 

MAINTAIN 

WITHIN  + 

PRESSURE 

n 

TEMPERATURE 

•2°C  (3.6°F) 

CONTAMINANT  CONCENTRATION 

10% 
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10.10  Lines  connecting  hydraulic  components  sized  so  that 
turbulent  mixing  exists  throughout. 

10.11  Test  circuit  as  shown  i;n  Fig.  4.1. 

10J2  Injection  chamber  which  is  free  of  contaminant  traps. 

10.13  Injection  chamber  for  the  uniform  introduction  of 

contaminant  to  the  test  circuit. 

11.  Test  System  Qualifying  procedure 

11.1  Install  a  direct  connection  in  the  test  circuit  in  place 
of. the  test  valve. 

.  11.2  Adjust  system  volume  so  that  it  c-quals  45  percent  to  55 
percent  of  the  lowest  volumetric  flow  rate  per  minute  at 
which  the  test  system  is  intended  to  be  used. 

11.3  Circulate  the  fluid  through  the  system  filter  until  the 
contaminant  background  is  less  than  10.  mg/L. 

11.4  By-pass  the  filter. 

11.5  Add  unclassified  AC  Fine  Test  Dust  per  Reference  [15.6] . 
to  the  fluid  to  bring  the  contaminant  concentration  to 
100  mg/L. 

11.6  Inject  the  contaminant  of  Clause  11.5  in  the  form  of  a  well- 
mixed  slurry  uniformly  over  a  period  of  one  minute. 

11.7  Operate  the  system  at  the  minimum  flow  rate  as  described 
in  Clause  11.2. 

11.8  Extract  four  fluid  samples  from  the  system  per  Reference 
[14.7]  at  15  minute  intervals  from  the  completion  of  contam¬ 
inant  injection. 


11.9  Circulate  fluid  tb.ro.ugh.  the  filter  until  tb.e  contaminant 
background  is  less  than  10.  mg/U 

11.10  Measure  the  contaminant  concentration  level  of  each  sample 
per  Reference  [14.4], 

11.11  Consider  the  system  qualified  for  testing  if  the  contaminant 
concentration  levels  of  Clause  11.10  are  witb.in  +  IQ  percent 
of  the  initial  requirement  of  Clause  11.5. 

11.12  Repeat  this  qualification  of  procedure  when  any  modification 
to  the  flow  path  or  to  the  reservoir  is  made. 

12.  Force  Test  of  a  Solenoid  Valve 

12.1.  Install  the  solenoid  valve  as  shown  in  Fig.  1, 

12.2.  Align  the  stainless  bar  to  the  side  of  manual  override  of 
the  solenoid  valve, 

12.3  Measurement  for  the  case  of  shifting  the  valve  spool  from 
center  to  side  (C->-S). 

12.3.1  Use  adjust  bolt  to  push  the  manual  override  with  the 
stainless  steel  bar  until  the  manual  override  touches 
the  spool  of  the  valve. 

12.3.2  De-energize  solenoids. 

12.3.3  Apply  the.  voltage  across  the  solenoids  that  are 
located  on  the  opposite  side  of  the  stainless  steel 
bar  to  create  a  force  pushing  against  the  stainless 
steel,  Fig.  4.2(a). 

12.3.4  Record  th^  change  in  voltage  across  the  solenoid 
and  force  applied,  as  shown  in  Fig.  4.3. 
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12.4  Measurement  for  the  case  of  shifting  tne  valve  spool  from  side- 

to  center  (S+C). 

12.4.1  Energize  Solenoid  A  on  the  side  of  the  stainless 
steel  bar. 

12.4.2  Insert  the  stainless  steel  bar  until  the  spool,  plungers 
and  stainless  steel  bar  make  direct  contact,  Fig.  4.2(b). 

12.4.3  Slowly  de-energize  Solenoid  A. 

12.4.4  Record  the  voltage  across  Solenoid  A  and  force 
measured,  Fig.  4.3. 

12.4.5  After  completely  de-energizing  Solenoid  A,  energize 
Solenoid  B  gradually. 

12.4.6  Record  the  voltage  across  Solenoid  B  and  force 
measure  as  in  Fig.  4.3. 

13.  Test  Procedure 

13.1  Install  the  test  valve  into  the  test  circuit. 

13.2  Filter  the  fluid  until  the  contaminant  concentration 
level  is  less  than  10  mg/L. 

13.3  Record  static  response  test  for  the  valve  spool  shift 
from  the  center  to  side  (C+S)  as  follows: 

13.3.1  Set  the  supply  pressure  equal  to  the  rated  pressure 
of  the  valve. 

13.3.2  Energize  solenoid  to  the  rated  voltage,  then 
de-energize.  Repeat  three  times. 
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Fig.  4.2  -Solenoid  Valve  Actuation  Mechanism 


Characteristic  Curve 


13.3.3  De-energize  solenoid  and  allow  1  minute  of 
stationary  time. 

13.3.4  Record  the  variation  in  voltage  across  the  sole¬ 
noid  and  pressure  across  the  valve  AP^  as  the 
solenoid  is  slowly  energized  immediately  after  1 
minute  of  stationary  time. 

13.3.5  Increase  gradually  the  voltage  across  solenoid 
up  to  its  rated  voltage. 

13.3.6  Repeat  13.3.2  to  13.3.5  three  times  for  repeati- 
bilijty  of  data. 

13.4  Record  static  response  test  for  the. valve  spool  shift 

from  the  side  to  center  (S+C). 

13.4.1  Set  the  supply  pressure  equal  to  the  rated 
pressure  of  the  valve. 

13.4.2  Energize  solenoid  to  the  rated  voltage,  then 
de-energize.  Repeat  three  times. 

13.4.3  Energize  solenoid  to  a  side  and  allow  1  minute 
of  stationary  time. 

13.4.4  As  the  solenoid  is  gradually  de-energized, 
immediately  after  1  minute  of  stationary  time, 
record  the  variation  in  voltage  across  the  sole¬ 
noid  and  pressure  across  the  valve  AP^g. 

13.4.5  Decrease  the  voltage  across  the  solenoid  down  to 
zero  voltage. 
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13.4.6  Repeat  13.4.2  to  13.4.5  three  times  for  repeata¬ 
bility  of  data. 

13.5  Prepare  a  slurry  of  classified  AC  Fine  Test  Dust  (0-20  pm) 

•  which  will  bring  the  contaminant  concentration  level  of  the 
fluid  up  to  100  mg/L. 

13.6  Inject  the  slurry  in  the  injection  chamber  of  the  test  system. 

13.7  Introduce  the  contaminant  to  the  test  hydraulic  system 
uniformly  over  a  period  of  one  minute  using  the  injection 
chamber. 

13.8  Allow  the  contaminant  to  circulate  through  the  test  valve 
for  a  period  of  two  minutes. 

13.9  Test  the  valve  according  to  the  steps  in  13.3.. 

13.10  Repeat  13.9  for  three  more  different  pressures  that  are 
approximately  equally  spaced  pressures  between  zero 
pressure  and  the  valve's  rated  pressure. 

13.11  Test  the  valve  according  to  the  steps  in  13.4. 

13.12  Repeat  13.11  for  three  more  different  pressures  that  are 
approximately  equally  spaced  pressures  between  zero 
pressure  and  the  valve's  rated  pressure. 

13.13  Evaluate  the. silting  force  of  OS  and  S+C  according  to 
12  from  the  voltage  data  of  the  solenoid. 

13.14  Find  vhe  silting  forces  by  subtracting  the  force  under  clean 
fluid  from  the  force  under  contaminated  fluid  for  both 


OS  and  S-»-C. 
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13.15  Compare  silting  force  of  C+S  and  S+C.  The  one  that  has 
the  higher  silting  force  result  is  still  being  tested. 

13.16  Repeat  the  chosen  shift  test  (13.9-13.10  or  13.11-13.12) 
for  the  injection  of  0-10  um  and  0-5  ym  AC  Fine  Test 
Dust  following  the  steps  in  13.5  to  13.7. 

14  References 

14.1  American  National  Standard  Glossary  of  Terms  for  Fluid 
Power,  ANSI/893.2  -  1971. 

14.2  International  Standard  Graphic  Symbols  for  Hydraulic  and 
Pneumatic  Equipment  and  Accessories  for  Fluid  Power  Trans¬ 
missions,  ISO/R,  1219-1970.  Agrees  with  ANSI. Y32,  10-1967. 

14.3  American  National  Standard  Fluid  Power  Diagrams,  ANSI/Y14, 
14-17-1966. 

14.4  Assessing  Cleanliness  of  Hydraulic  Fluid  Power  Components 
and  Systems  -  SAE  J1227. 

14.5  International  Standard  Rules  for  the  Use  of  the  Inter¬ 
national  System  of  Units  and  a  Selection  of  the  Decimal 
Multiples  and  Sub-Multiples  of  S.I.-  Units,  ISO/R, 

1000-1969. 

14.6  Air  Cleaner  Test  Code  -  SAE  J726C. 

14.7  Hydraulic  Fluid  Power  -  Particulate  Contamination  Analysis  ■ 
Extraction  of  Fluid  Samples  from  Lines  of  an  Operating 
System  -  ISO  4021 . 
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CHAPTER  V  -  TEST  STAND 


In  order  to  conduct  the  tests  described  in  the  previous  chapter, 
a  contaminant  sensitivity  test  facility  was  constructed.  It  was 
determined  that  the  test  stand  must  meet  the  following  criteria; 

1.  It  must  accept  a  variety  of  valves  up  to  four-way,  three 
position. 

2.  It  must  have  facilities  for- a  controlled  rate  of  injection 
of  contaminants  into  the  fluid  stream. 

3.  The  components  in  the  test  system  must  not  be  contaminant 
sensitive,  and  they  must  neither  generate  nor  trap  the  test 
contaminant,  so  that  the  gravimetric  level  of  the  contaminants  will 
remain  constant. 

4.  It  must  be  compatible  with  mineral  base  fluids  as  well  as 
the  entire  range  of  fire  resistant  fluids. 

5.  It  must  have  a  cleanup  system  to  remove  the  contaminants 
after  each  test. 

To  meet  these  criteria,  a  stand  was  fabricat’d  using  the  schematic 
diagram  shown  in  Fig.  5.1.  The  stand  was  provided  with  a  manifold 
suitable  for  mounting  a  variety  of  valves  on  their  individual  adapters. 

The  injection  chamber  provides  the  means  for  injecting  the  ACFTD 
contaminants  at  a  controlled  rate.  The  chamber  is  constructed  of 
glass  so  that  the  injection  process  can  be  observed  and  to  ensure 


Fig.  5.1  Schematic  of  Test  Circuit 
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that  the  contaminant  does  not  adhere  to  the  side  walls.  The  base  of 
the  chamber  is  conical. 

Contaminant  is  put  into  the  chamber  as  a  slurry.  The  injection 
valve  is  then  opened  to  allow  the  slurry  to  flow  into  the  test  reservoir, 
where  it  is  thoroughly  mixed  with  the  test  fluid  by  the  agitating 
action  of  the  diffuser  through  which  all  return  fluid  flows.  Residual 
contaminants  are  removed  from  the  injection  chamber. by  allowing  a 
portion  of  the  return  fluid  to  flow  through  the  chamber. 

The  components  used  in  the  stand  were  chosen  based  either  on 
previously  conducted  contaminant  sensitivity  tests  or  on  known 

4 

contaminant  insensitive  designs.  For  instance,  the  main  system  pump 
has  a  demonstrated  high  contaminant  tolerance,  while  the  charge  pump 
uses  a  centrifugal  design  which  is  not  only  insensitive  to  contaminants 
but  which  also  does  little  damage  to  the  ACFTD  particles. 

The  flow  meter  on  the  high  pressure  portion  of  the  system  was 
target-type.  A  rotameter  was  used  on  the  low  pressure  side  of  the 
system.  The  shut-off  valves  and  three-way  valves  were  of  stainless 
steel  construction  to  resist  abrasion,  while  the  pressure  relief  valve 
had  been  tested  at  the  FPRC  and  was  known  to  be  very  contaminant 
■  tolerant. 

To  ensure  that  a  constant  contaminant  gravimetric  level  could 
be  maintained  by  the  test  system,  qualification  tests  were  conducted 
in  accordance  with  Clause  11  of  the  Test  Procedure  of  Chapter  TV  with 
the  exception  that  a  gravimetric  level  of  250  mg/L  was  used  rather 
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than  the  100  mg/L  specified  in  the  procedure.  This  was  done  because 
it  was  originally  proposed  to  test  the  valves  at  this  higher 
contaminant  concentration.  Unfortunately,  the  higher'  level  caused 
some  long-term  damage  to  the  test  stand  components,  so  it  was  decided 
to  reduce  the  concentration. 

The  qualification  test,  results  are  shown  in  Fig.  5.2.  The 
ability  of  the  stand  to  maintain  the  injected  level  for  at  least 
one  hour  is  clearly  shown. 

To  ensure  compatibility  with  fire  resistant  hydraulic  fluids, 
most  system  components  were^ fabricated  of  stainless  steel.  Where 
elastomeric  seals  were  required,  Vi  ton  seals  were  specified. 

■  The  filter  elements  used  in  the  cleanup  circuit  have  a  Beta  10 
rating  of  greater  than  75. 

MAJOR  TEST  STAND  COMPONENTS 

The  following  is  a  listing  of  the  major  components  used  in  the 
fabrication  of  the  valve  test  stand: 

Hydraulic  System 
.  Hydraulic  pump 

Dynex/Rivett  fixed  displacement  piston  pump  model  PF4015-1584 

Hydraulic  Pressure  Relief  Valve 

Vickers  Balanced  Piston  type  relief  valve  model  CG-03-H-20 
.  Heat  Exchangers 

Basco  two  pass  all  304  stainless  steel  model  04024 
.  Injection  Chamber 

Made  of  glass  tube 
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Test  Stand  Qualification  Test  R< 


.  Reservoir 


Conical  shape  with  diffuser  at  the  end- of  hydraulic  tubing 
.  Charge  Pump 

Dayton- centrifugal  pump  and  electrical  motor  model  GK580 
.  Filter  Elements 
Hilco  Model  PL-718-26 
Instrumentation 
.  Flowmeter 

Ramapo  target  type  model  Mark  V-%-SSB 

.  Rotameter  * 

Fischer  and  Porter  model  10A  1755S 

.  Differential  Pressure  Gauge 

Sensotec  Model  A-5 

.  Strain  Gauge  Amplifier 

% 

Daytronic  Strain  Gage  Conditioner/ Indicator  Model  3278 
.  Strain  Gauge  Amplifier 

Ramapo  digital  flow  indicator  Model  SGA-350  RMD 
.  Servovalve  Amplifier 

Thompson  Controls  Model  T6-R 
.  Low  Frequency  Oscillator 
Hewlett  Packard  Model  202  CR 
.  X-Y  Recorder 


Hewlett  Packard  Model  7046A 


TEST  CONTAMINANTS 

Air  Cleaner  Fine  Test  Dust  (ACFTD)  was  selected  as  the  test  . 
contaminant.  This  contaminant  has  been  approved  both  nationally 
and  internationally  as  a  standard  for  contamination  control  tests. 

The  result  of  chemical  analysis  of  AC  Fine  Test  Dust  is  tabulated 
in  Table  6.1  for  different  size  ranges  with  the  raw  dust  reported 
by  the  manufacturer.  Mechanical  properties  of  the  test  contaminants 
are  listed  below: 

Density  =  2.66  X  10“3  kg/crn3 

Poisson's  Ratio  =  0.2  4 

Young's  Modulus  of  Elasticity  *  2.74  X  103  MPa 

Contaminant  sensitivity  tests  on  servovalves  are  conducted  using 
lower  cut  classified  AC  Fine  Test  Dust  (zero  to  some  size  "Du )  because 
of  the  resemblance  of  the  size  distribution  of  these  cuts  to  the  result 
of  downstream  particle  size  distribution  of  the  system  filter  associated 
with  the  standard  multipass  test. 


CHAPTER  VI  -  RESULTS  OF  VALVE  TESTS 
To  verify  the  solenoid  valve  contaminant  sensitivity  theory  and 
Omega  concept,  four  solenoid  valves  were  tested  according  to  the 
procedure  of  Chapter  III.  Each  valve  was  four-way,  three-position, 
closed-center  and  manufactured  by  a  different  company.  The  closed-center 
configuration  was  chosen  because  it  was  assumed  to  be  the  most 
sensitive  to  contaminants  due  to  the  high  pressure  drop  across  the 
closed  position.  The  solenoids  of  two  of  the  valves  were  12  VDC..  The 
others  were  120  VAC. 

SUMMARY  OF  RESULTS 

The  results  of  the  four  tests  are  summarized  in  Table  6.1. 

Because  the  Omega  rating  is  directly  related  to  the  filter  Beta  10 
profile,  a  lower  Omega  rating  is  indicative  of  a  lower  contaminant 
sensitivity;- that  it,  a  higher  contaminant  tolerance. 

It  is  interesting  to  note  that  the  two  valves  using  AC-powered 
solenoids  had  lower  Omega  ratings  than  the  DC-powered  units.  While  it 
is  not  the  intention  of  the  FPRC,  or  in  fact  of  this  test  procedure, 
to  determine  th^  reasons  for  the  ratings,  it  is  interesting  to 
speculate  on  the  rating  difference. 

One  possible  explanation  for  the  better  performance  of  the  AC- 
powered  valves  is  that  the  alternating  current  was  actually  providing 
a  dithering  motion  to  the  valve  spool  when  the  spool  is  to  shift.  This 
movement  could  cause  a  re-arranging,  re-aligning,  or  possibly  even  a 


destruction  of  trapped  contaminant,  which  would  subsequently  allow  the 
spool  to  shift.  This  is  possibly  seen  in  the  results  of  Valve  1 30 
where  some  slight  delay  was  seen  between  the  energizing  of  the  solenoid 
and  the  movement  of  the  spool  under  contaminated  fluid. 

COMPARISON 

The  Omega  values  of  tested  solenoid  valves  are  tabulated  in  Tablfi 
6,1.  It  was  demonstrated  that  solenoid  valves  that  have  AC  (alternating 
current)  solenoid  show  lower  Omega  values.  This  is  probably  not  due  to 
the  fact  that  those  valves  have  less  contaminant  sensitive  structures  but 
because  the  AC  solenoid  applies  oscillatory  force  on  the  spool  of  the 
solenoid  valves.  Since  the  alternating  current  changes  direction  as  well 
as  magnitude,  the  magnetic  field  created  by  the  solenoid. is  also 
changing.  It  was  noted  that,  when  a  contaminant  lock  situation  existed, 
the  solenoid  emitted  a  hum,  indicating  that  the  unit  was  vibrating.  In 
several  instances,  the  contaminant  lock  was  broken  and  the  spool  moved 
after  a  few  seconds.  The  variation  of  solenoid  force  resulting  from  the 
AC  induced  vibration  on  Valve  #129  is  shown  in  Fig.  6.1.  It  is  seen 
that  the  spool  is  pulsed  120  times  per  second. 

Hence,  it  is  reasonable  to  say  that,  even  if  the  same  maximum 
force  were  applied  by  an  AC  and  a  DC  solenoid,  the  AC  device  would  have 
some  advantage  over  the  DC  unit.  It  can  be  hypothesized  that,  because 
of  the  AC  solenoid's  oscillatory  force  application,  contaminants  lodged 
in  the  clearance  of  a  valve  may  be  dislodged,  reoriented,  or  crushed 
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by  the  dither  and  allow  the  spool  to  move.  On  the  other  hand, 
a  DC  solenoid  can  apply  a  force  of  constant  magnitude  and  direction 
only;  therefore,  once  the  spool  is  locked  by  contaminants,  there  is 
no  possibility  of  breaking  the  spool  loose  to  relieve  the  situation, 
except  possibly  by  manual  movement  of  the  spool  if  such  a  facility 
exists  on  the  valve. 

OSU  Valve  #130  showed  excellent  contaminant  tolerance.  Although 
it  displayed  a  slight  hesitation  at  a  2  mg/L  concentration  of  0-5 
micrometre  test  dust,  the  spool  never  failed  to  respond  to  the  input 
signal. 

The  Omega  values  of  all  the  test  valves  are  shown  in  Table  6.1. 

As  for  pumps,  motors,  and  other  types  of  valves,  the  lower  the  Omega 
rating,  the  more  tolerant  the  valve  is  to  contaminant  and  the  lower 
the  Beta  rating  of  the  filter  required  to  provide  protection  for  it. 

Valves  #127  and  128  both  used  DC  solenoids  and  showed  the  highest 
Omega  ratings.  This  was  probably  directly  attributable  to  the  use  of 
the  DC  solenoids. 


CHAPTER  VII 

CONCLUSIONS  AND  RECOMMENDATIONS 

As  a  result  of  the  work  described  in  this  report,  the  following 
conclusions  were  reached: 

1.  Contaminant  lock  is  a  far  more  serious  mode  of  failure  in 
solenoid  valves  than  is  wear.  Consequently,  the  activities  of  this 
project  were  directed  toward  a  procedure  for  evaluating  contaminant 
lock  only.  It  may  be  advantageous  in  the  future  to  investigate 
contaminant  wear  more  closely  in  order  to  further  differentiate 
between  those  valves  with  good  contaminant  lock  characteristics. 

2.  The  test  procedure,  test' stand,  and  Omega  rating  system 
described  in  this  report  are  suitable  for  evaluating  the  contaminant 
lock  characteristics  of  solenoid  valves. 

3.  On  the  basis  of  the  valves  tested,  solenoid  valves  operated 
by  AC  power  appear  to  have  better  Omega  ratings  than  those  operated 
on  DC  power. 

The  following  recommendations  are  made: 

1.  MERADCOM  should  provide  the  necessary  support  and  funding  to 
promote  this  procedure  as  a  national  and/or  international  standard. 

2.  MERADCOM  should  require  that  all  prospective  solenoid  valve 
suppliers  provide  Omega  ratings  obtained  in  accordance  with  this 
procedure  along  with  other  pertinent  data. 


PART  III 

HYDRAULIC  CYLINDERS 
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CHAPTER  I  -  INTRODUCTIOI 1 

Hydraulic  cylinders  are  the  workhorses  of  the  hydraulic  industry. 
They  supply  the  forces  necessary  to  accomplish  many  important  jobs. 

They  lift  and  lower  huge  cranes,  steer  monstrous  earth  movers,  crush 
automobiles,  and  manipulate  heavy  loads.  Practical  hydraulic  systems 
would  be  impossible  without  cylinders.  Although  hydraulic  cylinders  are 
extremely  powerful,  they  are  still  very  sensitive  and  are  damaged  quite 
easily  by  contaminant  entrained  in  the  system  fluid. 

A  problem  may  develop  in  a  hydraulic  cylinder  directly  due  to  the 
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current  state  of  the  seal -rubbing  surface  interface.  This  problem  is 
called  drift,  which  is  the  loss  of  output  force  caused  by  internal 
leakage  in  the  cylinder.  Drift  can  be  serious  when  it  is  desired  for 
a  hydraulic  cylinder  to  maintain  a  force  for  a  long  period  of  time.  It 
is  highly  desired  that  the  fluid  in  the  cylinder  will  stay  pressurized 
at  its  load  condition  without  being  constantly  re-supplied;  otherwise, 
the  force  it  is  trying  to  exert  will  not  be  maintained.  In  practice, 
the  loss  of  position  holding  capability  of  a  cylinder  may  be  devastating 
to  property  and  human  lives. 

The  main  cause  of  cylinder  rod  drift  is  pressurized  fluid  escaping 
past  piston  seals  through  the  inicrosurface  of  the  barrel,,  thus  causing 
a  reduction  in  the  force  a  cylinder  can  exert.  The  rate  with  which  the 
fluid  escapes  in  this  way  is  a  function  of  the  current  roughness  state 
of  the  surfaces  of  the  barrel  and  the  seal  which  rubs  against  it.  This 


type  of  leakage  is  self-accelerating.  The  fluid  tends  to  erode, 
especially  in  the  seal,  a  deeper  and  deeper  channel.’  Thus,  a  seal- 
barrel  interface  worn  by  contamination  to  the  extent  that  fluid  is  - 
getting  through  micro-grooves  in  the  interface  is  very  undesirable. 

The  reason  is  that  no  further  wear  due  to  relative  motion  need  take 
place  for  the  seal  to  become  totally  useless. 

From  a  practical  standpoint,  the  condition  of  the  barrel  surface 

is  affected  by  two  distinct  factors  —  the  initial  surface  finish 

given  to  the  barrel  during  manufacture  and  any  wear  which  has  resulted 

during  the  operation  of  the  cylinder.  This  latter  factor  is  affected 
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by  both  the  surface-to-surface  tribological  (asperity)  wear  and  the  wear 
caused  by  particulate  contamination  in  the  fluid.  These  particles  may  be 
trapped  by  the  seal  and  abrade  the  barrel  surface  in  a  sandpaper-like 
fashion,  or  they  may  be  carried  in  the  leaking  fluid  jet  and  aggravate 
the  erosion  caused  by  that  jet.  In  either  case,  the  effect  is  undesirabl 
and  could  be  alleviated  by  reduction  in  the  amount  of  contaminant  in  the 
fluid. 

It  is  believed  that  the  effect  of  particulate  contamination  on  the 
barrel  surface  is  directly  related  to  the  original  surface  finish  of  the 
barrel  and  the  seal  characteristic.  Due  to  the  highly  complicated 
tribological  interface  or  topography  of  the  barrel  surface  and  seal, 
until  now,  no  contaminant  sensitivity  assessment  technique  has  been 
successfully  developed  for  fluid  power  cylinders.  This  study  advances 
a  contaminant  sensitivity  test  procedure  for  fluid  power  cylinders  which 


allows  the  user  to  identify  the  contaminant  tolerance  of  fluid  power 
cylinders  effectively.  In  the  next  three  chapters,  the  cylinder 
contaminant  sensitivity  rating  method  is  presented,  the  test  facility 
is  outlined,  and  the  contaminant  sensitivity  test  procedure  is  outlined. 


CHAPTER  II  -  THE  CYLINDER  CONTAMINANT  SENSITIVITY  RATING  METHOD 


All  fluid  power  components  degrade  when  exposed  to  fluid-borne 
.contamination  and  exhibit  specific  contaminant  service  lives  for  various 
states  of  contamination.  The  contaminant  service  life  of  a  fluid  power 
component  is  the  time  during  which  component  performance  degrades  to  a 
pre-determined  level  of  acceptable  performance.  The  Omega  rating  system 
developed  at  the  FPRC/OSU  has  been  proven  effective  in  evaluating  the 
contaminant  sensitivity  of  most  commonly  used  hydraulic  components; 
for  instance,  pumps,  motor,, relief  valves,  etc.  However,  the  Omega 
rating  system  has  not  been  extended  to  fluid  power  cylinders.  Due  to 
the  success  of  the  Omega  rating  method  when  applied  to  other  hydraulic 
components,  Ahlberg  (former  Senior  Project  Engineer  (FPRC))  conceived  a 
method  by  which  the  Omega  rating  concept  could  be  applied  to  fluid 
power  cylinders.  This  section  describes  Ahl berg's  approach  and  the 
difficulty  presented  in  practical  applications. 

According  to  Bensch  and  Fitch,  the  performance  degradation  of  a 


fluid  power  component  is  expressed  as: 

-  _  <r. ,  n  *  <thL*) 

di  '  n  «• )  djf- 


(2.1) 


where  P  is  the  selected  performance  parameter;  Si(ni)  is  the  sensitivity 
of  the  component  to  a  concentration  of  ni  particles  in  the  size  interval 
i  per  unit  volume;  and  Ni (f )  is  the  number  of  particles  in  the  size 
interval  i  to  which  the  component  is  exposed  at  some  instant  in  time,  t. 
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The  performance  parameter  chosen  to  express  cylinder  performance 
degradation  is  the  theoretical  displacement  flow  minus  the  cyclic 
leakage  flow  past  the  piston.  The  theoretical  displacement  flow  is': 

Qr  ~  V  -  A  (2.2) 

where  Qt  is  the  rate  of  flow,  V  is  the  stroking  velocity,  and  A  is  the 
annulus  area  formed  between  the  piston  and  the  rod. 

The  chosen  cylinder  performance  parameter  is  defined  as: 

Q(+)  -  6>t  ~  (L /O*  cf  (2.3) 

where  Q(t)  is  the  performance  parameter,  L  is  the  volume- of  leakage 
passing  the  piston,  t  is  th&  time  over  which  the  leakage  is  collected, 
and  S  is  the  number  of  stroke  cycles  over  which  the  leakage  is  collected. 

Unless  discovered  otherwise,  the  contaminant  sensitivity  of  a  cylinder 
will  be  assumed  to  be  linearly  proportional  to  the  concentration  of  fluid- 
borne  contaminant. 


S,(n„)=  <*tni  (2.4) 

where  di  is  the  contaminant  sensitivity  coefficient  for  the  size  interval 
i.  The  rate  of  particle  exposure  to  a  fluid  power  cylinder  is  expressed 


as: 


dug*] 

at 


(2.5) 


By  substituting  Eq.  (2.4)  and  Eq.  (2.5)  into  Eq.  (2.1)  and 


rearranging,  Eq.  (2.6)  results: 


where  Q0  is  the  original  value  of  the  performance  parameter  Q(t), 
which  is  measured  after  breakrin  but  before  the  first  injection  of 
contaminant  when  performing  a  contaminant  sensitivity  test.  Integrating 
Eq.  (2.6)  yields: 

Q(+)  -  Q0  C-o<l  Yl\  (2.7) 

Eq.  (2.7)  can  be  solved  for  as: 

Oil  -  "  (2.8) 

~ti  C  £ 

Therefore,  the  reference  contaminant  life  equation  for  fluid  power 
cyl i nders  is: 

.  ItmAy  2 

~T  -  -  /  £  OtL  n-t  (2:9) 

Theoretically,  the  contaminant  sensitivity  coefficient,  <5i,  for  size 
interval  i  can  be  obtained  from  Eq,  (2.8)  if  the  flow  degradation  ratio 
(Q(t)/Qo)  is  known.  Accordingly,  the  reference  contaminant  life  of  a 
specific  cylinder  can  be  derived  from  Eq.  (2.9).  In  order  to  find  out 
the  flow  degradation  ratio,  several  approaches  have  been  developed  at 
the  FPRC;  for  example,  the  dynamic  leakage  method,  static  leakage  method, 
pressure  differential  method,  etc.  Although  the  test  methods  used  are 
different  from  each  other,  the  final  purpose  is  the  same  —  to  monitor 
the  variation  of  internal  leakage  between  seal  and  barrel  surfaces  such 
that  the  parameter  Q(t)  can  be  obtained. 

Ea„.  (2.3)  shows  that  the  cylinder  performance  flow  rate,  Q(t),  is 
the  difference  between  the  theoretical  displacement  flow,  Of,  and  the 
internal  leakage.  In  practical  application,  the  internal  leakage  flow 
is  several  orders  less  than  the  displacement  flow.  This  property  induces 
the  insensitivity  of  Q(t)  with  respect  to  the  variation  of  the  internal 
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leakage.  Table  2.1  illustrates  test  results  obtained  by  conducting 
cylinder  contaminant  sensitivity  tests.  The  cylinder  used  has  a 
theoretical  displacement  flow  of  8  litres/nvin.  The  measured  static 
internal  leakage  flow  is  about  0.5  millilUres/min.  As  compared  to 
the  theoretical  displacement  flow,  the  internal  leakage  is  trivial. 

The  seal  mechanism  is  another  factor  which  increases  the  complexity 
of  utilizing  the  conventional  Omega  rating  system,  Eq.  (2.9),  to 
evaluate  fluid  power  cylinder  contaminant  sensitivity.  Unlike  the 
tribological  wear  process  that  occurs  in  most  hydraulic  components 
(a  process  in  which,  once  contaminant-induced  wear  takes  place,  a 
relevant  clearance  increase  occurs  between  the  critical  surfaces),  the 
seal  will  compensate  for  the  increased  clearance  due  to  its  inherent 
elasticity.  The  clearance  compensation  mechanism  results  in  the 
catastrophic  failure  of  the  sealing  function.  Mathematically,  a 
discontinuity  may  occur  in  manipulating  the  catastrophic  failure  data. 
This  discrepancy  again  causes  difficulty  in  finding  the  contaminant 
sensitivity  coefficients.  Table  2.1  shows  that  there  is  no  significant 
flow  degradation  that  results  from  injecting  different  particle  size 
contaminants.  The  postulated  clearance  compensation  mechanism  is 
therefore  supported. 

From  the  above  discussion,  it  is  realized  that,  in  o^der  to 
investigate  fluid  power  cylinder  contaminant  sensitivity,  it  is  necessary 
that  an  effective  parameter  be  identified  to  evaluate  the  performance 
degradation  rather  than  simply  measuring  flow  degradation  directly. 
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A  straightforward  way  to  accomplish  this  is  to  correlate  performance 
degradation  in  terms  of  wear  rate.  Ferrography  has  been  proven  as  an 
effective  wear  analysis  technique  if  there  is  a  significant  amount  of 
ferrous  wear  debris  generated  in  a  tribological  system.  Because  of  the 
non-intrusive  wear  analysis  property  exhibited,  Ferrography  became  the 
first  candidate  selected  to  investigate  the  cylinder  wear  characteristic 
in  this  study.  However,  most  of  the  seals  were  made  of  nonmetal  lie 
material;  for  example,  Tefl'.i.  It  therefore  became  apparent  that  the 
wear  characteristic  could  not  be  adequately  analyzed  by  employing 
ferrography. 

It  is  well  known  that  the  particle  concentration  level  in  a  care¬ 
fully  controlled  chamber  is  very  sensitive  to  the  external  irigression  of 
particles.  These  external  particles  may  enter  the  controlled  chamber 
through  the  clearance  between  the  seal  and  cylinder  barrel  by  means  of 
the  pressure  differential  across  the  seal  or  the  motion  of  the  piston. 

In  other  words,  the  leakage  flow  carries  particles  from  the  high  pressure 
side  to  the  low  pressure  side  of  the  container.  The  higher  the  leakage 
flow,  the  more  particles  that  are  transferred.  Accordingly,  by  monitoring 
the  variation  in  the  particle  concentration  level  at  the  low  pressure 
side  of  the  chamber,  an  indication  can  be  found  for  the  variation  of 
leakage  flow  which  passed  the  seal  and  barrel  surfaces.  Furthermore, 
the  internal  leakage  of  the  fluid  power  cylinder  is  a  function  of  wear 
behavior  which  occurs  between  the  seal  and  barrel.  Consequently.,  the 
variation  of  particle  concentration  level  in  the  controlled  chamber 


provides  effective  information  by  which  to  rate  the  contaminant 
sensitivity  of  fluid  power  cylinders. 


Fig.  2.1  illustrates  .the  particle  ingression  process  which  occurs 
in  a  fluid  power  cylinder.  Whenever  the  high  particle  concentration 
chamber  is  pressurized,  seme  of  the  particles  become  entrained  in  the 
low  pressure  side  as  a  result  of  internal  leakage.  The  variation  rate 
of  the  particle  concentration  level  at  the  low  pressure  side  is 


expressed  as: 

cLNl  (t)  li)  »  G)C'Jh) 

d-t  "  Vj, 

where  Ns.(t)  is  the  particle, concentration  level  at  the  low  pressure  side 


(2.10) 


at  time  t;  flh(t)  is  the  particle  concentration  level  at  high  pressure 
side  at  time  t;  Q(t)  is  the  leakage  flow  rate  through  the  seal  and 
barrel  at  time  t;  and  V«.  is  the  fluid  volume  at  the  low  pressure  side. 

Suppose  that  the  particle  concentration  of  the  high  pressure  side 
level,  Nh?is  constant.  Integrating  Eq.  (2.10)  yields: 

j*  a*  (2-n) 

Because  the  characteristic  of  Q(t)  is  unknown,  there  is  no 
analytical  solution  of  Eq.  (2.11).  In  order  to  simplify  Eq.  (2.11), 
it  is  assumed  that  the  leakage  flow  is  averaged  during  a  reasonable 
sampling  interval.  As  a  result,  the  particle  concentration  level  at 
the  low  pressure  side  during  the  ith  sampling  interval  is: 

-  ~  (2.12) 


^i/L  ~  bJp.0,1  d  ^  *  $ 
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where  Nto-,i  is  the  initial,  particle  concentration  at  the  low  pressure 
side  during  the  ith  sampling  interval,  Oi  is  the  averaged  leakage 
flow  rate  at  the  ith  sampling  interval,  and  S  is  the  sampling  time.' 

The  advantage  of  using  Eq.  (2.12)  to  rate  cylinder  contaminant 

sensitivity  can  be  appreciated  by  examining  the  following  example. 

Assume  that  the  high  pressure  side  particle  concentration  level  is 

300  mg/L,  the  low  pressure  side  fluid  volume  is  50  milliliters, 

the  initial  particle,  concentration,  Neo,i,  is  zero,  sampling  time 

is  one  hour,  and  the  leakage  flow  rate  is  0.01  mL/min.  Substituting 

these  data  into  Eq.  (2. .12),  it  is  found  that  Nei  is  3.6  mg/L 

* 

concentration  change.  However,  the  cumulative  leakage  flow  is  only 
0.6  milliliters.  Thus,  the  resolution  using  the  particle  concentration 
level  approach  is  significantly  higher  than  measuring  the  volume  of 
leakage  flow. 

Contaminant  sensitivity  of  fluid  power  cylinders  can  be  evaluated 
by  setting  an  acceptable  reference  particle  concentration  level  at  the 
low  pressure  chamber.  Failure  of  the  piston  seal  is  characterized  by 
the  number  of  cycles  distance  at  which  the  particle  concentration  level 
at  the  low  pressure  side  exceeds  the  reference  level.  Fig.  2.2  illustrates 
the  cylinder  contaminant  sensitivity  rating  concept.  The  higher  the 
cycle  distance  obtained,  the  higher  the  contaminant  tolerance  possessed 
by  the  fluid  power  cylinder.  The  following  dhapter  describes  the  test 
facility  developed  to  verify  the  established  cylinder  contaminant 
sensitivity  rating  technique. 


Fig.  2.2  Cylinder  Contaminant  Sensitivity  Rating  Concept 
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CHAPTER  III  -  CYLINDER  TEST  FACILITY 

Fig.  3.1  is  a  schematic  circuit  diagram  of  the  cylinder  contaminant 
sensitivity  test  system.  Several  parts  of  this  system  are  labeled  and 
identified  in  the  figure.  The  basic  premise  limiting  the  design  of  this 
test  stand  is: 

*  The  cylinder  must  be  stroked  against  a  load  by  fluid  pressure. 

*  The  fluid  stroking  the  cylinder  must  be  at  a  controlled  pressure 
and  contaminant  level. 

*  The  mechanism  pressurizing  the  fluid  must  not  damage  the 
contaminant. 

*  The  mechanism  pressurizing  the  .fluid  must  not  be  degraded  by 
the  contaminant. 

By  virtue  of  these  conditions,  a  normal  pump  pressurization  system 
was  ruled  out.  Basically,  the  test  stand  consists  of  a  driving  cylinder, 

2  (Component  No,  2  in  Fja.  3.1).'two  Pumping  cylinders,  3  and  4,  one  load 
cylinder,  19,  and  one  test  cylinder,  20.  The  drive  cylinder,  2,  which  is 
operated  by  a  separate  clean  fluid  hydraulic  power  source,  has  its  stroke 
limited  by  two  limit  switches  controlling  a  hydraulic  control  valve,  1. 

The  drive  cylinder  is  coupled  by  a  through  shaft  to  both  pumping 
cylinders,  3  and  4,  which  are  connected  to  the  two  ports  of  the  test 
cylinder,  20,  individually.  As  the  drive  cylinder,  2,  strokes  upward 
(see  Fig.  3.2),  the  pumping  cylinder,  3,  displaces  the  clean  fluid  and 
delivers  it  to  the  rod  end  side  chamber  of  the  test  cylinder  to  the  stroke 
test  cylinder  rod.  Because  the  test  cylinder  rod  is  coupled  directly  to 
the  load  cylinder,  19,  the  piston  of  the  load  cylinder  rises.  By  virtue 
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of  this,  the  fluid  in  the  rod  end  side  of  the  load  cylinder  is  compressed 
and  forced  to  pass  elements  26,  23,  and  22  into  the  lower  chamber.  Due 
to  the  flow  passing  through  the  check  valve,  23,  in  the  free  direction, 
there  is  no  resistance  to  the  fluid.  In  other  words,  the  pressure  estab¬ 
lished  in  the  test  cylinder  chambers  is  relatively  low.  This  high 
pressure  contaminant  section  with  low  pressure  clean  fluid  mechanism 
section  prevents  the  clean  fluid  in  the  lower  chamber  of  the  test 
cylinder  from  entraining  into  the  upper  chamber  where  the  fluid  has 
been  contaminated  to  the  desired  reference  level.  Consequently,  the 

particle  concentration  level  in  the  upper  chambers  can  be  maintained. 

* 

On  the  other  hand,  as  the  drive  cylinder  strokes  downward 
(see  Fig.  3.3),  the  fluid  in  the  lower  chamber  of  the  pumping  cylinder, 

4,  is  compressed.  As  a  result,  the  piston  rod  at  the  test  site  retracts. 
The  fluid  in  the  lower  chamber  of  the  load  cylinder  is  therefore 
compressed.  By  virtue  of  this,  the  oil  pressure  rises  until  the  load 
control  valve,  23,  is  tripped  and  relieves  the  excess  fluid  to  the  high 
chamber  of  the  load  cylinder.  Therefore,  a  high  pressure  is  established 
in  the  upper  chamber  of  the  test  cylinder  in  order  to  push  the  rod  to 
overcome  the  high  pressure  force  generated  in  the  lower  chamber  of  the 
load  cylinder,  thus  simulating  a  load  in  the  fluid  power  cylinder 
application.  Furthermore,  the  high  pressure  in  the  upper  chamber  of  the 
test  cylinder  forces  contaminants  to  pass  through  the  clearance  between 
the  seal  and  cylinder  barrel  surfaces,  which  accelerates  the  contaminant 
wear  of  the  cylinder.  More  significantly,  the  ingression  of  particles 


from  the  upper  chamber  (fluid  inside  is  contaminated)  to  the  lower 
chamber  (clean  fluid)  of  the  test  cylinder  provides  a  feasible  way  to 
investigate  the  contaminant  sensitivity  of  fluid  power  cylinders  by" means 
of  the  variation  of  particle  concentration  in  the  lower  chamber  of  the 
test  cylinder. 

The  cylinder  test  system  requires  a  hydraulic  power  supply  to 
furnish  the  fluid  power  to  the  drive  cylinder.  The  system  operating 
pressure  is  maintained  at'  some  specified  value  set  independently  by  a 
relief  valve. 

In  addition  to  the  power  supply,  there  is  a  temperature  control 
system  for  the  test  cylinder.  The  reservoir  has  a  heating  element 
immersed  in  its  fluid.  Fluid  temperature  is  controlled  by  the  tempera¬ 
ture  control  system.  The  temperature  in  the  reservoir  is  sensed  and 
controlled  by  regulating  the  electric  power  to  the  heater  and 
maintaining  the  desired  fluid  temperature.. 
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CHAPTER  IV  -  FLUID  POWER  CYLINDER  CONTAMINANT  TEST  PROCECURE 

1.0  Purpose 

1.1  The  purpose  of  this  test  procedure  is  to  determine  the 
•  contaminant  sensitivity  of  fluid  power  cylinders. 

2.0  Test  system  verification  (Qualification). 

2.1  Install  the  test  cylinder  with  its  proper  position,  (Fig.  4.1). 

2.2  Circulate  system  fluid  through  the  filtering  system  with  the  test 
circuit  completely  unloaded  until  the  contaminant  background  is 
less  than  2  mg/L. 

2.3  Disconnect  the  filtering  system. 

f 

2.4  Achieve  a  contamination  level  of  AC  Fine  Test  Dust  of  300  mg/L+ 

30  mg/L  in  the  test  site  fluid.  The  system  is  qualified  when  the 
particle  concentration  level  is  maintained  within  300  mg/L+  30  mg/L 
for  a  period  of  30  minutes. 

3.0  Preliminary  preparation. 

3.1  Operate  the  cylinder  under  clean  fluid  conditions  at  the  test 
speed  and  40  C  (100  F).  Use  the  following  schedule  for  cylinder 
break-in: 

1000  stroke  cycles  at  25  percent  of  test  pressure 
1000  stroke  cycles  at  75  percent  or"  test  pressure 
1000  stroke  cycles  at  100  percent  of  test  pressure 

3.2  Take  fluid  sample  from  the  rod  end  side  chamber  of  the  tesc 
cylinder.  This  is  the  initial  clean  background  particle 
concentration  level. 
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3.3  Inject  ACFTD  to  obtain  a  300  mg/L+  30  mg/L  concentration  level. 

4.0  Contaminant  sensitivity  test. 

4.1  Operate  the  cylinder  at  test  speed,  test  pressure,  and  test 
temperature  for  2000  stroke  cycles. 

4.2  lake  a  fluid  sample  from  the  rod  end  side  chamber. 

4.3  Repeat  Steps  4.1  and  4.2  until  10,000  cycles, 

5.0  Presentation  of  test  results. 

5.1  Analyze  fluid  sample  particle  concentration  level. 

5.2  Record  all  infoimation  required. in  Table  4.1. 

5.3  Draw  the  characteristics  of  particle  concentration  level  versus 
working  cycles  at  10  micrometer  size. 

5.4  Calculate  the  work  cycles  reaching  the  reference  concentration 
level . 

5.5  Take  the  product  of  the  work  cycles  obtained  in  Clause  5.4  and  the 
cylinder  stroke  distance.  The  result  is  the  work  cycle  distance, 
which  is  the  parameter  used  to  represent  cylinder  contaminant 
sensitivity. 
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Table  4.1 

CYLINDER  CONTAMINANT  SENSITIVITY  TEST  REPORT 

CYLINDER  I.  D.  NO.__ 

TEST  SPEED _ 

STROKE  DISTANCE,., 

TEST  PRESSURE _ — 

TEST  TEMPERATURE 


WORK  CYCLES 

T - 1 - | - r -  REMARK 


PARTICLE 

SIZE 


0 


2000  4000  6000  8000  1 0000 


CHAPTER  V  -  EXPERIMENTAL  VERIFICATION 

In  order  to  demonstrate  the  creditability  of  the  fluid  power- 

cylinder  contaminant  sensitivity  methodology,  a  series  of  cylinder' 

tests  were  conducted.  The  plan  for  the  test  program  is  presented  in 

Table  5.1.  As  can  be  seen,  the  first  three  tests  used  cylinders  which 

have  the  same  design  specification  but  different  surface  roughness 

profiles.  The  purpose  of  this  arrangement  is  to  investigate  the 

effect  of  cylinder  barrel  surface  roughness  on  the  contaminant 

sensitivity  of  fluid  power  cylinders.  Cylinders  with  good,  fair  and 

* 

poor  surface  roughness  are  designated  as  Cylinders  A,  B,  and  C. 
respectively.  Cylinders  D  and  E  are  off-the-shelf  products  from 
different  manufacturers.  All  the  cylinders  used  in  this  research 
have  the  same  design  specification  but  different  barrel  surface 
roughness,  (Table  5.1). 

Cylinder  barrel  surface  roughness  was  examined  by  using  the 
stylus- type  surface  texture  characterization  instrument.  Stylus- type 
instruments  are  the  only  measuring  tools  approved  by  ANSI  B46.1-1978 
for  the  measurement  of  surface  texture  characterization  parameters. 

The  parameter  used  in  this  study  to  describe  surface  texture 
characterization  is  the  Arithmetic  Averaae  Rouabness.  .which  is 
normally  designated  as  Ra>  AA,  or  CLA.  The  arithmetic  average 
deviation  from  the  mean  center  line  is  expressed  as: 
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where  L  is  the  samplinq  l.enqth,  and  Y  is  the  ordinate  of  the  curve 
of  the  profile. 

Cylinders  were  tested  according  to  the  procedure  specified  in  " 
Chapter  IV.  AC  Fine  Test  Dust  was  used  as  the  abrasive  contaminant. 
After  a  300  mg/L  particle  concentration  level  was  achieved,  the  test 
cylinder  was  subjected  to  the  break-in  test  for  a  total  of  3000  cycles 
at  three  different  levels  of  operating  pressure.  The  contaminant 
sensitivity  test  was  then  performed  at  the  rated  pressure  of  10,000 
stroke  cycles,  and  fluid  samples  were  taken  at  each  2000  cycles  point. 

Table  5.2  illustrates  the  test  results  obtained  from  each  cylinder 

4 

test.  The  particle  concentration  shown  is  the  number  of  particles  of 
size  greater  than  10  micrometers.  The  test  results  are  plotted  in 
Fig.  5.1.  In  the  figure,  the  smoothly  fitted  curves  were  overlaid  on 
actual  data  points.  A  reference  particle  concentration  level  of  3000 
particles/ml  greater  than  10  micrometers  is  set  as  the  failure 
criterion.  This  selection  was  made  based  on  experience  gained  from 
testing  cylinders  that  could  no  longer  maintain  the  required  working 
pressure  when  the  lower  pressure  chamber  particle  concentration  was  over 
3000  particles/ml  greater  than  10  micrometers.  The  cross  point  of  the 
contaminant  sensitivity  characteristic  curve  with  the  reference 
concentration  level  represents  the  service  life  of  the  cylinder  under 
tests.  In  other  words,  the  higher  the  stroke  cycles  obtained  to  reach 
the  reference  concentration  level,  the  greater  the  tolerance  of  the 
cylinder  to  the  contaminant.  Consequently,  the  effectiveness  of  the 
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developed  technique,  using  the  variation  of  particle  ingression 
through  the  piston  seal  and  cylinder  barrel,  to  monitor  the  degree 
of  cylinder  contaminant  sensitivity  is  verified  and  proven. 


CHAPTER  VI  -  DISCUSSION  AND  CONCLUSION 

Many  efforts  have  been  made  to  establish  an  effective  and 
dependable  cylinder  .contaminant  sensitivity  assessment  method.  Some 
of  the  efforts  made  relative  to  the  current  program  include  the 
use  of  dynamic  lea.kage  techniques,  static  leakage  techniques,  and 
the  ferrography  wear  analysis  method.  No  dependable  results  were 
obtained  through  these  approaches.  The  main  problem  stems  from  the 
fact  that  most  piston  seals  are  made  of  elastomeric  materials.  The 
elastomer  bears  an  inherent  elastic  property  so  that  the  seal  may 
compensate  for  the  increased  clearance  induced  by  the  abrasive  wear. 
This  wear  compensation  mechanism  is  desirable  in  component  design. 
However,  from  the  standpoint  of  detecting  leakage  flow  through  the 
piston  seal  and  cylinder  barrel  to  indicate  the  wear  degree,  the 
compensation  mechanism  is  most  undesirable.  The  wear  compensation 
mechanism  limits  the  contaminant  sensitivity  study  by  directly  using 
either  a  dynamic  or  static  flow  leakage  measurement  technique. 

The  nonmetallic  property  of  elastomers  also  prevents  the  use  of- 
ferrography  to  accurately  monitor  the  wear  process  between  a  seal 
and  cylinder.  Although  ferrography  may  be  applicable  to  correlate  the 
wear  rate  in  terms  of  the  amount  of  wear  debris  generated  from  a 
cylinder  barrel,  it  may  not  be  informative  in  wear  process  analysis, 
since  the  wear  of  the  seal  also  contributes  to  cylinder  performance 
degradation. 


The  use  of  the  particle  ingression  concept  in  monitoring  the 
degree  of  cylinder  contaminant  sensitivity  has  been  proven  to  be  an 
effective  and  sensitive  approach  through  the  efforts  of  this  study. 

It  was  established  that  particle  concentration  at  the  low  pressure 
chamber  of  the  test  cylinder  remains  fairly  stable  before  the  cylinder 
fails  to  work;  however,  particle  concentration  increases  dramatically 
(about  two  times)  when  the  cylinder  fails.  The  stroke  cycle  point 
where  the  test  particle  concentration  level  reaches  the  reference 
concentration  level  indicates  the  failure  of  the  cylinder  under  the 
specified  test  condition.^  The  higher  the  value  of  the  failure  point, 
the  less  sensitive  the  cylinder  is  to  the  contaminant.  This  criterion 
therefore  provides  an  efficient  and  simple  means  of  comparing  cylinder 
contaminant  sensitivity  characteristics  and  rating  their  tolerance. 
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